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PREFACE TO THE FIRST EDITION. 



The present work is intended as an introductory text-book 
for the use of Students reading for the Mathematical 
Tripos. Many of the higher applications of the subject 
are therefore either omitted entirely or treated very briefly. 
At the same time the Author believes that the book in- 
cludes as much as the great majority of Cambridge Students 
have time to master thoroughly, while those who are 
desirous of making farther acquaintance with the subject 
will perhaps find a work like the present not unsuitable as 
an introduction to the more complete treatises of Salmon 
and others. 

The Author begs to thank those of his friends who have 
kindly assisted him by revising the manuscript and proof- 
sheets, and will feel obliged to any one who will offer correc- 
tions or improvements. 



VI PREFACE TO THE FIRST EDITION. 

Examples, selected chiefly from recent College and Uni- 
versity Examination Papers, will be found at the end of each 
Chapter. 

Cambridge, 

August, 1865. 



SECOND EDITION. 

The present Edition has been revised and re-arranged 
and somewhat enlarged. 

Newcastle-on-Ttne, 
September^ 1873. 



THIRD EDITION. 

The Third Edition has been revised and farther 
enlarged, chiefly by the addition of hints for the solution of 
the Examples. 

Nbwcastle-on-Ttne , 
September, 1879. 
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CHAPTER I. 

INTRODtrCTORT THEOREMS. 

^ 1. The position of a point in space is usually deter- 
mined by referring it to three planes meeting in a point. 
This point is called the origin, the three planes the co- 
ordinate planes, and their three lines of intersection the 
co-ordinate axes. The point of intersection of the three 
planes is usually designated by the letter 0, and their lines 
of intersection by the letters Oa?, Oy, Oz, They are called 
the axes of a?, y, and z respectively, and the planes yOz^ zOx^ 
xOy are called the planes of yz^ zx, xy respectively. If the 
three planes of yz, zx, xy, and consequently the three lines 
Oxy Oy, Oz, are at right angles to each other, the co-ordinates 
are said to be rectangular, and in all other cases oblique. We 
shall generally make use of rectangular co-ordinates, but in 
some cases the proofs and the results obtained will hold good 
equally whether the axes be at right angles or not. 

2. The position of any point P relatively to these three 
planes is known, if its distance from each, measured parallel 
to the intersection of the other two, be known. 

For let PH, PK, PL be drawn through P parallel to 
Ox, Oy, Oz respectively to meet the planes of yz, zx, xy in 
H,K,L; and let a plane through PL, PK, which by Euclid, xi. 
1-5, is parallel to the plane of yz, meet Ox in M, Let also a 
plane through PH, PL meet Oy in N, and a plane through 
PH, PK meet Oz in jR. Then if KR, KM be joined, KMOR 
is obviously a parallelogram, and KR therefore equal to OM, 
Similarly RKPH is a parallelogram, and KR equal to PH, 

A. G. ^. 
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Hence PII is equal to Jf, and similarly PL to OR, PK to 
ON, If therefore we measure off from Ox, Oy, Oz, respec- 
tively, lengths CM, ON, OR equal to the given distances of 
P from the co-ordinate planes, and through M, N, R draw 
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planes parallel to those of yz, zx, xy, these planes will inter- 
sect in P, the position of which is therefore aetermined. The 
lengths PH, PK, PL, or OM, ON, OR, which are equal to 
them, are called the co-ordinates of P, and are usually de- 
noted by the letters x, y, z, 

3. If the line ajO be produced through to od, and from 
Ox we cut off a length OM! equal to OM, and repeat the 
preceding construction, we obtain a point P whose absolute 
distances from the three co-ordinate planes are the same as 
those of P. We must therefore have some convention to 
enable us to distinguish between these two points. The 
following is usually adopted. 

The co-ordinates are considered positive if measured in 
one direction along the axes from 0, and negative if measured 
in the opposite. 

The positive directions for the three axes are usually 
taken to be those represented in the figure by Ox, Oy, Oz, 
and the negative directions to be Ox', Oy , Oz. 

It will be seen that the whole of space is divided by the 
co-ordinate planes into eight compartments, and the signs of 
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the co-ordinates of any point indicate in which of these com- 
partments it is situated, while their absolute magnitudes 
indicate its position in that compartment. Thus the co-ordi- 




nates of a point whose absolute distances &om the co-ordinate 
planes are a, /8, 7 are represented by (a, /8, 7), (—a, /Sf, 7), 

(«, -A 7), (a, A -7), («> -A -7), (-0, A -7), (-a, -A 7)> 
(-^a, —A — 7)> according as the point lies in the compart- 
ment OxyZf Oxyz^ Oxy'z, Oocyz ^ Oayy'z\ Oxyz\ Oxj/z, Oxy'z\ 
respectively. 

4. To find the distance of a point from the origin in terms 
of its co-ordinates. 

In this and Articles 5, 6 and 8 the co-ordinates are sup- 
posed rectangular. 

Let P be the point, x, y, z its co-6rdinates. Through P 
draw planes parallel to the co-ordinate planes and forming 
with them a parallelepiped of which OP. is the diagonal and 
PL the edge through P parallel to Oz. 

Join OP and OL. Then since PL is parallel to Oz which 
is perpendicular to the plane of xy, PL is perpendicular to 
the plane of xy, and therefore to the line Old which lies in 
that plane. (Euclid, xi. Def. 3.) 

Hence OP'^OU + PU. 
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-X 



But 



OL*=OM' + ML*; 
OP* = OiPA- ML* + PL* = a;* +y* + ^. 



(1). 



...(2). 



5. Let a, /8, 7 be the angles between OP and the axes 
of x^ y, z respectively. Join PM, Then since Ox is perpen- 
dicular to the plane PLlf, it is perpendicular to FM, 

Hence 

OM^ OPco^POM^ OPcosa; or a? = r cos a* 
Similarly, 

ON^ OPcos PON== OP COB ^8; or y = r cos ^ 
OB = OPcos PO-B = OP cos 7; or i? = r cos 7 . 

X, y, z being the co-ordinates of P, and OP being denoted 
byr. 

Squaring and adding, we get 

01P+ 0J«^+ Oi?= OP' (cos»a + cos'/S+cos"7), 

or taking account of (1), 

1 = cos*a + cos'/3 + cos*7 (3). 

The letters I, m, n are frequently used to denote cos a, 
cos /8, cos 7, which are called the direction-cosines of the line 
OP. It is usual to denote by a, /8, 7 the angles which OP 
makes with the positive directions of the axes, in which case 
the formulae (2) hold for all positions of the point P. 
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6. To find the distance between two points whose co-ordi- 
nates are given. 

Let P and Q he the two poiDts; x^yy^,z^\ x^, y^, z^ their 
co-ordinates. Join PQ, and through P and Q draw planes 




parallel to each of the co-ordinate planes, thus forming a par- 
allelepiped whose edges are parallel to the co-ordinate axes> 
and are equal in length to x^r- ^j> ^a — y^ ^i ~ ^i> respectively. 

As in Art. 4, we obtain 

PQ'^PJP + HN^ + NQ' 

= (^,-a^J' + (y,-yx)' + (^.-^x)" W. 

We have also formulae similar to those of equation (2), 
a, /3, 7 being the angles between' PQ and the lines drawn 
through P parallel to the axes, viz. 

PR— x^ — x^ — PQ cos a ==lr V 

PJIf=y,-y; = Pgcos/3 = mr> (5), 

PL =zz^—z^=: PQ cos y = nr' 

where r represents the length of PQ, and I, m, n are the 
direction-cosines of PQ. 
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7. To find the co-ordinates of a point which divides 
straight line joining two given points in a given ratio. 




Let P, Q be the two given points, and R the point in PQ 
which divides PQ in the given ratio of n^ to w,. Let x , y^, z^ 
be the co-ordinates of P, a?,, yg, z^ those of Q, a:', y', « those 
of 5. 

Draw PM, RH^ QK parallel to the axis of js? to meet the 

!)lane of ay in M, H, K. These points all lie in one straight 
ine, namely that in which a plane through PQ parallel to 
the axis of z cuts the plane of xy. Draw PEF parallel to 
MHK to meet RH in E and QK in F. 

Then 



Also 



PJf=«j, RH^z\ QK^z^. 

RE_ PR _ n^ 



QF PQ n, + n/ 



or 



z --z 



«j — «j 



1 



n. 



whence 



n^ + Wj 
«' {n^ + Wj) = n^z^ + nji^] 

Similarly it may be shewn that 

n^ + n, ' ^ »*i + Wa 
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If uB be the middle point of PQ, n^ = w,, and we have 

v- ^i+^2 ^/- yi+y» •'-Vhfi 

8. To find the angle between two straight lines whose 
direction-cosines are given. 

Since by Euclid, XI. 10, the angle between any two straight 
lines is equal to that between any other two respectively 
parallel to them, we need only consider the case of two lines 
through the origin. 

Let OP, OQ be the two lines; Z, m, n the direction-cosines 




of OP; V, m, n' those of OQ. Let a?^, y^, ^j, be the co-ordi- 
nates of P any point in OP; x^, y,, z^ those of Q any point 
inOQ. 

Then by Art. (6) 

P(y=K«a^,y + (y,-y,)» + (i!^,-^J' 

But by Art. (4) 
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And by Art. (5) 

a!t = OQ.r, y,= OQ.m', z, = OQ.n'; 
and .'. tTjiVj +yiJft + "I'^t — ^-P • OQ (W + mm' + nn). 
Hence PQ'=OP'+0^- 20P. OQ (W + mm' + nn'). 

But by Trigonometry we have from the triangle OPQ 

Pq^^ 0P»+ OQ'-iOP. 0Q.CO8P0Q. 
Comparing these two expressions for PQ^, we get 

cos POQ = lV + mm' + nn' (6). 

The formulae (1), (8), (4) and (6) are of very frequent use, 
and should be carefully remembered by the student. 

From (6) we can deduce 

sin" POQ = 1 - (ir + mm' + m')* 

^ {P + m' + n") (P +m'' + n:') ^ (U' + mm' + nny 
= Imn - m'ny + {nt - w'Z)* + {Im' - fm)". 

9. If from the ends of a straight line PQ of limited 
length there be drawn perpendiculars on a fixed plane and 
the feet of these perpendiculars be joined by a straight line, 
the joining line is called the projection of PQ on the plane. 
Thus in the figure to Art. (6) if the edges LP, QN of the 
parallelepiped PKQMhe produced to meet the plane of xy 
in E and F, EFia the projection of PQ on the plane of ory, 
and is equal and parallel to PN. Also 

Plf^-PQ cos QPK 

But QPN" is equal to the angle which PQ makes with 
the plane of xy. Hence we derive the theorem : 

ITie projection of a straight line of limited length on a 
given plane is equal to the length of the line multiplied by the 
cosine of the angle between the line and plane. 

10. If again from P and Q we draw perpendiculars on 
some fixed line, the portion of the second line intercepted 
between the feet of these perpendiculars is called the projec- 
tion of PQ on the fixed line, and the following theorem holds: 
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The projection of a straight line of limited length on a 
second straight line, is equal to the length of the first line mul- 
tiplied by the cosine of the angle between the two lines; v/nd&r^ 
standing by the angle between two lines which do not meet, the 
angle between any two lines parallel to them which do meet. 

This theorem is proved as follows : 

Let PQ be the line of limited length, and AB the line on 
which it is to be projected. Through F draw PB parallel, 
and PA perpendicular to AB, Through Q draw a plane 
peiTpendicular to AB meeting AB in By and PB in B. Join 
QB, BB, BQ. Then AB is the projection of PQ, for -45 is 
perpendicular to QB which lies in the plane QBB. Then 




since PB is parallel to AB, which is perpendicular to the 
plane BB Q, PB is also perpendicular to this plane "and there- 
fore perpendicular to QB and BB. Hence PBBA is a paral- 
lelogram, and therefore AB = PB.. But PB = P^cos QPB, 
since PBQ is a right angle., 

Therefore 

AB = PQ cos QPB, 

the theorem required. 

11. If we take any two points P, Q, and draw from P 
in any direction a straight line PB of any length, from JB 
a straight line B8, and join 8Q\ and from P, B, ;Sand Q 
draw perpendiculars PA, BG, 8JJ, QB on AB; AC, CD and 
DB will be the projections of PB, BS and 8Q on AB ; and 
as long as A, C, D, B fall in the order represented in the 
figure, the arithmetic sum of these projections i& ^Qjy&L\»<^ 



10 



INTEODUCTORY THEOREMS. 



AB', the projection of PQ. The same would be true if we 
had taken any number of lines between P and Q. If how- 
ever C fall to the right of D, or C or D fall to the right of 




A C 



D B 



B or to the left of A, this will be no longer the case. We 
may agree to consider the projection of a line to be equal 
to its length multiplied by the cosine of the angle which 
it makes with the second line, those angles being always 
taken which are formed by the successive lines PB, BS, 8Q 
with AB towards the same part. Thus if D come to the 
left of (7, the angle between JSS and AB will be obtuse, and 
the projection of R8 will be negative. And since 

AG-CD + DB = AB, 

we still have the theorem that " the aigebraical sum of the 
projections on a given line, of a series of lines by which we 




pass from one point to a second^ is equal to the projection 
on the same line, of the straight line joining the two points!* 

This statement may be illustrated thus. Suppose a point 
to move fipom P to Q along PjS, B8^ SQ, and from each 
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of its successive positions imagine a perpendicular let fall 
on AB. As the point moves along PR, the foot of this 
perpendicular will move along AB from A towards J5, or 
in the opposite direction, according as the angle between 
PR and AB is acute or obtuse, and the length traversed 
by it along AB is the projection of PR, and is positive if it 
travels from A towards J5, and negative if in the opposite 
direction. It is clear that as the moving point passes from 
P to Q, the foot of the perpendicular will pass from A\jo B, 
and hence AB which is the projection of PQ will also be the 
algebraical sum of the distances travelled by the foot of the 
perpendicular, or of the projections of PR^ R8, 8Q. The 
same theorem will be obviously true if instead of three lines 
we have any number. By the angle between PR and AB 
is meant the angle which would be formed if from any point 
were drawn lines in the directions of PR and AB. Thus 
the angle between PR and AB is the supplement of that 
between RP and AB. 

¥2. By means of the result of the last Article, another 
proof of the formula (6) of Art. 8 can be obtained. 




If, in the figure of that Article, QN be drawn parallel 
to the axis of z to meet the plane of ay in N^ and NK dx»w\SL 
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parallel to Oy to meet Ox in Jf, it follows that the pro- 
jection of OQ on OP is equal to the sum of the projections 
of OM, MN and NQ on OP, that is, if 6 be the angle POQ, 
and Z, m, w; V, m\ v! be the direction-cosines of OP and OQ 
respectively, 

OQ cos ^=: OJf J + JOT. m + -2*^^ . n 

= OQ.l\l+OQ.m\m'\-OQ.n\n; 
/. cos ^ = B' + mm' + nn'. 

>d3. To find the distance cf a point from the origin when 
the co-ordinates are oblique. 

The formulae of Arts. 4, 5, 6 and 8 were obtained on the 
supposition of rectangular co-ordinates. Let Ox^ Oy, Oz be 
oblique axes, and P any point. Through P draw planes 
parallel to the co-ordinate planes to meet the axes in M, 
N, B ; and join OP. The ratios of OM, ON and OR to OP 




will be clearly the same whatever be the position of P, pro- 
vided it lie in the same straight line through 0. These 
ratios are called the direction-ratios of the line OP, and are 
usually denoted by the letters I, m, n. We then get formulae 
corresponding to those of Art. (5), 

x^l.OP, y = m.OP, z^n.OP. 
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Again, let \, /tt, v be the angles between (Oy, Oz), ( Oz, Ox), 
{Ox, Oy). Then we have, if PL be the edge of the paraU- 
leiepiped through F parallel to Oz, 

OL' =^0M^ + ML^ -20M . MLco8 OML 
= ^ +y* + 2a^ cos V. 
And 0P» = or + Pr - 20L . PL cos OZP. 

But the projection of OL on 05 is equal to the sum of 
the projections of 0-Wand ML on OR, or by Art. 9, 

OicosjBOi = Oilfcos/A + ifLcos\ = - Oicos OXP; 

and therefore 

OP* = a;^ + y* + «' + 2y« cos \ + 2^^? cos /a + 2ay cos i/. 

Combining this with the formulae a? = Z . OP, y = m, OP, 
z^n. OP, we get 

1 = P + m' + n' + 2mn cos \ + 2nl cos /a + 2lm cos v. . . (1), 

the relation which holds between the direction-ratios of any 
straight line. 

In the same manner we could shew that the distance be- 
tween two points x„ y„ z, ; x^, y„ z^ is 

(^i-a?J»-h(3^i-y/+(i2i--?,r + 2(y,-y,)(2J,-«,)cosX 

+ 2 (z^-z^) {x^-x^ cos /A -h 2 (ajj - a? J (yi-y,) cosr. 

And as in (8) that the cosine of the angle between two lines 
whose direction-ratios are l,7rh,n', V, m, n* is 

IV -h mm' -f- nn -h (win + win) cos \ 

-h {nV -h nH) cos /a -h (Zm' + Vm) cos i;. . .(2). 

14. The volume of the parallelepiped of which OP is the 
diagonal is evidently equal to the product of the area of the 
parallelogram OMLN into the perpendicular from R on the 
plane of xy. If 6 be the angle between OR and a line per- 
pendicular to the plane of xy, this volume would equal 

OM. ON^invx OR cos 
= xyz . sini/ . cos 0, 

But if r, m\ n be the direction-ratios of the line through 
perpendicular to the plane of ay, since it is perpendicular 



14 INTBODUCTORY THEOREMS. 

to Ox and Oy whose direction-ratios are (1, 0, 0), (0, 1, 0) 
respectively, we have, by formula (2) of the last Article, 

r + m'cosi' + n'cos/ttsO (1), 

rcosi/ + w' + w co8X = (2). 

And since it makes an angle with Oz whose direction-ratios 
are (0, 0, 1) we have 

n +f cos/A + m'cosX = cos^ (8). 

From these, since by formula (1) of the last Article 

1! {V + m cos 1/ + n' cos fi) + m' (m' + n cos X + T cos p) 

+ n (n + Z'cos/A + m' cosX) = P + m'*+ n? 

+ 2m'n' cos X + 2n7 cos fi + 2tm cos i^ = 1, 

we have n'cos^ = l .* (4). 

And from (1) and (2) we have 

r _ m' _ n' 

cos fi — cos X cos V cos X — cos fju cos V cos' 1/ — 1 

cosO - 

~" cos'X + cos'/A + cos* j; — 2 cos X cos /It cos j; — 1 ^ ^ '* 

whence we get 

cos* tf sin* j/= 1 — cos*X — cos'/tt — cos*i/ + 2 cos X cos /i cos y. 

And the volume of the parallelepiped becomes 

ayz Vl — cos* X — cos* fi — cos* j; + 2 cos X . cos /a . cos v. 

The volume of the tetrahedron cut off from the co-ordi- 
nate axes by a plane through jR, M, N, is evidently one-sixth 
of the above expression. 

15. The position of a point in space is sometimes de- 
termined by means of polar co-ordinates. Thus if Ox, Oy, 
Oz be rectangular axes and P any point, the position of P is 
clearly determined if we know OP the distance of P from 
the origin ; the angle POz which OP makes with a fixed 
line the axis of z ; and thirdly, the angle between the plane 
through OP and Oz and some fixed plane through Oz, as the 
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plane of zx. These are called the polar co-ordinates of P 
and are usually denoted by the letters Vy 6, <b. They are 
connected with the rectangular co-ordinates of P referred to 
the axes Ox, Oy^ Oz by very simple relations which can 
be obtained thus. Draw PN parallel to Oz to meet the 
plane of xy in N, and NM parallel to Oy to meet Ox in M, 
Join ON. 

Then 

X = DM = ON cos <f> = OP sin tf cos ^ = r sin cos ^, 

y = MN=- ON sin <f> = OPsin sin^ = r sin sin ^, 

z^^PN^OP cos tf = r cos e, 

from which we can obtain the equivalent system 



tan^= ^, 

z 

tan<4=^: 
^ a; 

which give r, ^, ^ in terms of a?, y, -g". 



( 16 ) 



EXAMPLES. CHAPTER I. 

1. Find the distances between each pair of the points 
whose co-ordinates are (1, 2, 3), (2, 3, 4), (3, 4, 5) respectively. 

2. Prove that the triangle formed by joining th'e three 
points whose co-ordinates are (1, 2, 3), (2, 3, 1), (3, 1, 2) 
respectively is an equilateral triangle. 

3. The direction-cosines of a straight line are propor- 
tional to 1, 2, 3 ; find their values. 

4. The direction-cosines of a straight line are propor- 
tional to 2, 3 and 6 ; find their values. Find also the angle 
between this line and that in question (3). 

5. Find the angle between two straight lines whose 
direction-cosines are proportional to 1, 2, 3 and (5, — 4, 1) 
respectively. 

6. Ay B, C are three points on the axes of x, y, z 
respectively; if OA=a, OB = by OC=^c, find the co-ordi- 
nates of the middle points of AB, BC and CA respectively. 

7. In the last question find the co-ordinates of the 
centre of gravity of the triangle ABG and the distances of 
this point from A, B, C respectively. 

8. Shew that if D, E be the middle points of BCy CA in 
the last question, I)E=^BG. 

9. Find the distance between two points in terms of their 
polar co-ordinates. 

10. The co-ordinates of a point are (V3, 1, 2 ^/S) ; find 
its polar co-ordinates. 

11. The polar co-ordinates of a point are { 4, ^ , ^J ; 
find its rectangular co-ordinates. 



CHAPTER II. 

THE STBAIGHT LINE AND PLANE. 

16. Before proceeding to find the equations of the 
straight line and plane, we must examine the nature of the 
locus represented by an equation of the form 

F{x,y,z)=0 (1). 

Solving with respect to z we obtain 

where z may have one or more values for each set of values 
of X and y. Hence if we take any point in the plane of xy 
whose co-ordinates are a, b we get one or more values of 5, 
that is, the straight line drawn through the point (a, 6) 
parallel to the axis of z will meet the locus in one or more 
definite points. Hence the equation (1) must represent 
a surface and not a solid figure. 

Two equations 

F,(x,y,z)^0, 

F,{x,y,z) = 0, 

considered as simultaneous will be satisfied by the co-ordi- 
nates of all the points of intersection of the two surfaces 

F,{x,y,z)=^0, 

F,{x,y,z) = 0, 

that is, will represent a line. 

• 

The simplest line with which we are acquainted is the 
straight line, and the simplest surface the plane. It would 
perhaps be more logical to find the equation of the plane 
first, and then, since any two planes intersect in a straigjvt 

A. G. ^ 
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line, the equations of two planes considered as simultaneous 
would represent a straight line. The equations of a straight 
line can however be obtained most simply without reference 
to that of a plane, and we shall therefore invert the ap- 
parently natural order. 

17. To find the equations of a straight line. 

Let ly m, n be the direction-cosines of the straight line, 
a, ^, 7 the co-ordinates of some fixed point in it, and a?, y, z 
those of any other point in it. Also let r be the distance 
between these points. Then by Art. (6) we have 

x — a^lty y — ^ = Tar, z—^^nr^ 

^=y^ = '-^ = r (1). 

These are the symmetrical equations of a straight line. 
If -4, £, G be any quantities which are proportional to I, m, n, 
we can replace these equations by 



x — a _y~i8_ 



ABC 



(2), 



but these fractions are no longer equal to r. Conversely any 
equations of the form (2) represent a straight line whose 
direction-cosines are proportional to A, B, C. The values of 
these direction-cosines can be found ; for supposing them to 
be I, m, n, we have 

I m n V?-l-«i' + n' 1 



ABC ^/A' + B'+C '/A'+B' + C 

The equations (2) can be also written thus : 

B /„ B 



Or writing 



■« {a B \ 



B a B G C 
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z= nx + g 

which are the simplest forms of the equations of a straight 
line, and useful in many cases. The student is however ad- 
vised especially to attend to the forms (1) and (2). 

The equations in (3) are those of planes drawn through 
the line parallel to the axes of z and y respectively, the inter- 
sections of which with the planes of xy and zx are the pro- 
jections of the given line on those planes. (Art. 19.) 

18. To find the eqiuUions of a straight line passing 
through two given points. 

Let a, fi, y; a, fi', y be the co-ordinates of the two given 
points. 

By the last article the equations of any straight line 
through (a, fi, y) can be written in the form 

4P — a y — )8 z—y 



I m n 



(1). 



But if the line also pass through the point (a', fi', y') we 
must have 

ir_«=^=7-^ p). 

I m n 

Dividing each member of (1) by the corresponding mem- 
ber of (2), we get as the equations required 

X— a ^y— _^ z^ y 
a' -a "" f:^ -fi" 7-7 ' 

19. To fi/nd the equation of a plane. 

Let OB be drawn perpendicular on the plane from the 
origin, and let the length of OD be p, and Z, m, n its direc- 
tion-cosines. Let P be any point in the plane. Then since 
OD is perpendicular to the plane it is perpendicular to PD. 
Henee OD is the projection of OP on OD. 

Draw PM parallel to Oz to meet the plane oi xym M, 
and -MAT parallel to Oy to meet Ox in N. Then the projec- 
tion of OP on OD is the sum of the projectioBa ot 015 ^S'M. 
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and MP on OD. But these are Ix, my, m, respectively, and 
the projection of OP on OJD is p. Hence 

Ix + my+nz^^p (1) ; 




a relation which is satisfied by the co-ordinates of any point 
in the plane, and therefore the equation of the plane. 

If the plane is perpendicular to one of the co-ordinate 
planes, as for instance that of xy, OD will lie in that plane, 
and we have n=:0. Hence the equation in that case be- 
comes 

Ix + my^p (2), 

and does not contain the variable g. 

If the plane is perpendicular to two of the co-ordinate 
planes, as those of xy and zx, Z = 1, m = 0, n = 0, and the 
equation becomes 

^=P (3). 

These results are geometrically evident. 

20. To find the equation of the plane in terms of its in* 
tercepts on the axes. 

This can be deduced from the equation (1) in the last 
article, but may also be obtained independently thus. 

Let the plane cut the axes mA,B,G\ and let any plane 
parallel to that of yz cut the co-ordinate planes of zx, xy in 
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the lines RN, NQ, and the given plane in RQ. Let P be 
any point m RQ and therefore any point in the plane. Then 
by Euclid, xi. 16, the lines RN, i^Qf. QR are parallel to the 
lines CO, OB and BG, respectively. Draw PM parallel to 
RN to meet QN in M. 

Let ON=x, NM = y, MP=z, 04=«, OB=h. 00 = e. 

Then by similar triangles 

PM 



Also 



Hence 



MQ NM 

RN~NQ~ NQ' 
RN_AN_NQ 
C0~A0~BO' 

PM RN AN NM 

X 



NQ 
RN^ CO~AO NQ ^ BO' 

PM MN 

+ 



GO ' BO AO 



AN^^_ ON 



AO' 



or 



X y z . 
a c 



(4). 



1 '. 



*2i. All these forms of the equation of the plane are in- 
cluded in the form 

Ax-^-By^- Gz^D (5). 

Conversely we can shew that any equation of the form 
(5) represents a plane. 
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For let a, iS, 7; a', ^, 7' be the co-ordinates of any two 
points in the locus represented by (5). The equations of the 
straight line joining these two points are 

a- a /3'-/3 7-7 W- 

But since (a, ^, 7), (a', /8', 7') lie on (5) we have 

^a+£^ + (77=i). 
Aol + B^^-Ci^D. 

Subtracting, ^ (a-a') + 508-)8') + (7(7-7') =0. 

And therefore by (6) 

^(a;-a)+5(y-/3) + (7(i3-7) = 0, 

where ^, y, z are the co-ordinates of any point in the line (6), 

or Ax + By+Cz=Aa + Bfi+Cy=:D. 

Hence x, y, z, the co-ordinates of any point in the line 
(6), satisfy the equation of the locus. That is, if any two 
points be taken in the locus of (5) and be joined by a straight 
line, this straight line lies wholly in that locus. Therefore 
the surface represented by (5) is a plane. 

An equation of the form 

represents a plane perpendicular to the plane of xy, and an 
equation of the form 

Ax = D 

represents a plane perpendicular to the axis of x, (Art. 19). 
These are particular cases of (5), and may be obtained from 
it by making first C to vanish, and secondly both B and O 
to vanish. 

22. To find the distance from the origin of the point 
at which the plane (5) cuts the axis of x we must put y = 

and 0=0. We thus obtain Ax = i> or a? = -r ; or if this 

A ' 

distance be called a, -j =^a. Similarly -^ = &, yr = ^ 5 and 
substituting for A, B, C in (5) we get 
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a c 

or - + f + - = 1, 
a c 

the equation found in Art. 20. 

23. By Art. 19 it appears that every plane can be repre- 
sented by an equation of the form 

lx'\'my-]-m=p, . 

where I, m, n are the direction-cosines, and p the length, of 
the peipendicular from the origin on the plane. But 

represoLts a plane. Hence if these represent the same plane, 
we have 

I _ w. __ n _ p 

Also P+m' + n' = l; 
A 



\ 1 = 



m = 



n = 



and jp = 



B 

G 

Ja'+r+c*' 

D 



JaTW+C'' 

Thus the direction-cosines of the perpendicular from the 
origin on the plane 

Ax-^-By + Cz^D 

are proportional to Ay B, (7, and the length of the perpendi- 
cular is , . 

24. The angle between any two planes whose equa- 
tions are 

Ax + By-\-Cz = 2), 

A'x + By + C'z^iy, 
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is the same aa the angle between the perpendiculars on them 
from the origin. But the direction-cosines of these perpen- 
diculars are (Art. 23) 

A B G 

Ja'+B'+c' Ja'+b'+o'' Ja^+WTg'' 

A' F C 



and the cosine of the angle between the planes is therefore 
equal to 

AA' + BB'+GC 

JA' + 'B^'VC^ Ja^TWVC^ * 

The condition that the two planes should be at right 
angles is therefore 

The conditions that they should be parallel may be 
obtained by equating the cosine of the angle betveen them 
to unity. It will be found that this leads to the con-» 
ditions 

A__B^_C^ 

A'^B'^C" 

These may be also obtained independently fr#m the con- 
sideration that the direction-cosines of the perpandicular on 
the one plane are proportional to -4, -B, (7, and those of 
the perpendicular on the other to A', B\ C\ and if the 
planes be parallel, and consequently the perpeniiculars from 
the origin on them coincident, we must have -4, B, C pro- 
portional to A\ jB', C", or 

A_B^_G^ 

A' BfC" 

25. The equation of a plane through a pint (a, )8, 7) 
parallel to the plane 

^^+J5y + (7« = I> (1) 

is easily seen to be 

A(x--a)^^B{y^P)+C{z-i)^ 0, 

or Ax + By^ Gz = Aa + Bfi+Cy ^). 
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For this equation does represent a plane parallel to (1) by 
the last article, and it is satisfied by the values 

Now the length of the perpendicular from the origin on 
the plane (1) 

^ D 

and the length of the perpendicular from the origin on the 
plane (2) is similarly 

The diflference of these, or 

is the length of the perpendicular from the point (a, )8, 7) on 
the plane (1). 

If we take the equation of the plane in the form 

Ix + my -f nz —p = 0, 

the numerical value of the length of the perpendicular from 
any point (a?, y, z) on this plane is 

+ {Ix + my + nz —p). 

It is easily seen that the expression 

Ix + my -\- nz — p 

is positive if the point (a?, y, z) is on the opposite side of the 
plane from the origin, and negative when the point {Xy y, z) 
is on the same side of the plane as the origin. If the ex- 
pression be denoted by a, the length of the perpendicular 
from any point on the plane 

a = 

is + a or — a, according as the point and the origin are on 
the same or opposite sides of the plane. 

^26. If we take four planes forming a tetrahedron whose 
equations are 

a = 0, ^8 = 0, 7 = 0, S = 0, 
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all expressed in the form 

i» + my + n^r —p = 0, 
any other plane may be represented by the equation 

la + mfi + ny + j8 = 0. 

For this represents some plane, being of the first degree in 
X, y, z, and since it contains three arbitrary constants, namely, 
the ratios of three of the quantities I, m, n, a to the fourth, 
it may be made to satisfy three conditions, and may therefore 
be made to represent any plane. 

This method of representing planes may be developed in 
a similar manner to that used for straight lines in Plane Co- 
ordinate Geometry (Todhunter's Conic Sections, Chap. iv.). 
Thus the equations of the two planes bisecting the angles 
between the planes a = 0, ^ = 0, will be 

a-^ = Oanda + ^ = 0, 

the former bisecting that angle within which the origin lies, 
and the latter the supplementary angle. 

Any equation which is not homogeneous in a, fi, % S, can 
be rendered so by means of the relation 

where V is the volume of the tetrahedron, and A, B, C, D 
the areas of its faces. This equation merely states that the 
algebraic sum of the four tetrahedra whose vertices are at the 
point (a, ^, 7, S) is equal to the fundameutal tetrahedron. 

27. If a straight line 

A " B " C ^^ 

is parallel or perpendicular to a plane 

A'x + B'y + Cz^D (2), 

it is perpendicular or parallel respectively to the perpen- 
dicular on that plane, whose direction-cosines are proportional 
to A\ E, G\ 

The condition that (1) may be parallel to (2) is therefore 

^^'-hJ?5'-h (7(7 = 0, 
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and the conditions that (1) may be perpendicular to (2) are 

28. It is often requisite to know the length of the per- 
pendicular on a given straight line from a given point. 



Let the equations of the straight line be 



(1), 



" B C 

and let a', /S*, y be the co-ordinates of the given point. 

The equation of any plane through (a', /3', 7') is 

\(x-Q;) + fi(y-^') + v{z-y)^0 (2). 

If this plane be .perpendicular to (1) we have 

X ^ fi ^ V 
A''B'"C' 
and its equation becomes 

A (x-a') +B (y- y?) + C{z-i) = (3). 

The point where this plane meets the line (1) is evidently 
the foot of the perpi^ndicular from (a', /8', 7 ) on (1). 

Let then P be the .point (a, /8, 7), P the point (a', ^, 7'), 





-3i 



and Q the foot of the perpendicular from P' on the line (1) ; 
therefore PQ is the perpendicular from P on tbe ^\asi^ k^. 
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and we have pQ = ^C^l^^l+^i^JI^^MllZ) , 

and FQ" = PF^ - PQ* by the right-angled triangle FQP, 
.-. FQ' = {a-^ aO* + (/3 - 13')' + (7-7? 

zk To find the conditions that a straight line may lie 
wholly in a given plane. 

be the equations of the line, 

A'x + Fy + Cz = I). (2) 

the equation of the plane. 

Put each of the fractions in,(l) equal to k. 

Therefore 

x=^a + Ak, y = l3 + Bk, z = y+ Ck, 

and if the line (1) lies wholly in (2), these values of a?, y, z 
must satisfy (2) whatever be the value of k. Hence the 
equation 

^'g + £'/8+ C7"2)+ (^^' + 5^ + 0(7') A: = 0, 

must be satisfied independently of h. This gives us the two 
conditions 

AA! + BB + Ca = 0. 

The first of these equations denotes that the point (g, )8, 7) 
lies in the plane (2), and the second that the angle between 
the line (1) and tbe perpendicular on the plane (2) is a 
right angle. These are evidently necessary and sufficient 
conditions. 

30. To find the shortest distance between two straight 
lines whose equations are given. 

We must first prove that the shortest line between two 
given straight lines is perpendicular to each of them. 
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Let BCy AD be the two straight lines, and AB a line 
perpendicular to each of them. Then AB is clearly shorter 
than the line joining A with any other point of BG, and 
also than the line joining B with any other point of AD. 
Let P be any point in AD^ and Q any point in BC, Then 




(2), 



PA and QB are both perpendicular to AB, and therefore AB 
is the projection of FQ on AB, and is equal to the length 
of PQ multiplied by the cosine of the angle betwe3n them, 
and is therefore less than PQ, since the cosine of aay angle 
is less than unity. 

^^* -A B C" ^^^' 

x—ol __ y—ff _ -^ •" 7' 
~a!"'~B cT" 

be the equations of the two straight lines. Let the equation 
of any plane through (1) be 

P(^-a) + 0(y-i8) + JS(i3-7)=0 (3). 

Then we have, since (3) contains (1), 

PA + QB-\-RC=^0 (4). 

And if we take the plane through (1) to be also parallel 
to (2), we have 

PA'-\-QB' + RO^Q (5). 

From (4) and (5) we have 

P Q _ R 

BC'-BC^ CA'-'CA AB-A'B' 
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The equation of a plane through (1) parallel to (2) is 
therefore 

{BCS C) (a;-a)+( CA- GA) (y'^)^Aff-AB) {z^)^0 (6). 

Similarly the equation of a plane through (2) parallel to 
(1) is 
{BG-^FC){x-'o:)^GA'-CA){Jf^p')^{AF^A'B) {z^')^0 (7). 

The length of the perpendicular from the origin on (6) is 
{BG- B'C) a + {CA-- CA)fi+ (AF-AB) y 
^{W'^E^Cf+^A^^~A)^lAB - ABf ' 

and the length of the perpendicular on (7) is 

{BC^FC) a^+ {CA-- CA) ff + jAff'-AB) y' 
^{BU - BV)* + (CJ.' - CAy + {AF - A^* " 

The difference of these, or 

{BC-FC) (a-gQ + (CA^- CA) (/8-^ + {AF-AF) (y^y') 
JiBC'-FCy + [CA-GAY + {AE - ABf 

IS clearly the perpendicular distance between the two given 
lines. 

The equations of the line AB can be obtained by finding 
the equations of two planes, one of which contains the straight 
line BG and is perpendicular to the plane (6), and the other 
contains the line AD and is perpendicular to the same plane. 
Each of these planes evidently contains the straight line AB^ 
and their equations considered as simultaneous determine the 
line. The requisite conditions for the two planes will be 
found in Articles 24 and 29. 

31. To find the condition that two straight lines whose 
equations are given may intersect. 

Let the equations of the straight lines be 

A " B ^ G ^^^' 

x-'o! y^^ _z-y 
A F " G ^ ^* 
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Then if they intersect, a plane can be made to pass through 
both of them. Let this plane be 

Since this contains the line (1) we have, by Art. 29, 

Pa + Q^ + By = D (3), 

PA + QB-\-BC=0 (4). 

And since it contains the line (2) we have 

Pa + (2/3' + JB7'=i) (5). 

PA' + QD' + BCr==0 (6), 

From (3) and (5) we have 

{Pa-a') + Qi^-^') + Riy-y') = (7). 

And eliminating P, Q, B from (4), (6) and (7) we get with 
the usual notation of determinants, 

ABC 
A' F C =0, 
a-a ^-^ y-y' 
or 

{a-a'){Ba-ffC)+(fi-^){CA'-CA)+(y^')(Aff-A'B)=0. 

A result which might have been obtained from the last 
article by the consideration that if two straight lines intersect 
their shortest distance vanishes. 

If the two straight lines be given by the equations 



Ax + By+Gz^D) 
A'x + B2f+C'z=D') 

Px + Qy + Bz = 8\ 

r» = 8'\ 



(8), 
(9). 



Fx + Q'y+B: 

the condition of intersection is obtained from the considera- 
tion that these four equations must be able to be satisfied 
by the same values of x, y, z. The condition for this is 

A B G B 

a: b' a B 

P Q R 8 

p q E 8' 



= 0. 
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EXAMPLES. CHAPTER II. 

1. Find the equations of a straight line passing through 
the point (1, 2, 8) and whose direction-cosines are proportional 
to V3, 1 and 2 VS. 

2. Find the equations of the straight line joining the 
two points whose co-ordinates are (1, 2, 3) and (3, 2, 1) re- 
spectively. 

3. Find the equations of the sides of the triangle formed 
by joining the points (1, 2, 3), (3, 2, 1), (2, 3, 1). Deduce the 
values of the angles of the triangle. 

4. Find the equation of the plane which passes through 
the three points in the last question, and the length of the 
perpendicular on it from the origin. 

5. Find the equations of a straight line which passes 
through the point (1, 2, 3), and is perpendicular to the plane 

6. Find the equations of a straight line which passes 
through the point (1, 2, 3), and is perpendicular to the two 
straight lines in questions (1) and (2). 

7. Find the equation of a plane passing through two 
given points and perpendicular to a given plane. 

8. Find the equations of a straight line passing through 
the point (1, 2, 3) and parallel to the plane in question (4) 
and to the plane of ocy. 

9. Find the equation of a plane passing through the 
point (2, 3, 4) and the straight line in question (1). 

46. Find the equations of a straight line drawn from 
the origin of co-ordinates at right angles to one given straight 
line, and making a given angle with another. If the given 
straight lines be at right angles to each other and the given 

IT 

angle be - , shew that there are two solutions, and that the 
two straight lines so found are at right angles to each other. 
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11. Find the equation of a plane which passes through 
a given point, and is perpendicular to each of two given 
planes. 

12. Shew that the equation of a plane in oblique co- 
ordinates can be put in the form 

xcoaa+y cos /8 + « cos 7 = j?, 

where p is the length of the peipendicular on the plane from 
the origin, and a, )8, 7 the angles which it makes with th^ 
axes. 

13. Shew that if a, )8, 7 be the angles between any 
straight line and the axes of co-ordinates, I, m, n the direc- 
tion-ratios of the line, and \, /a, v have the meanings given 
in Art. 13, 

cos a=il + m cos v + n cos fi, 
cos fi=^m-\-n cos \ + l cos i/, 
cos y = n + l cos fi + m cos \. 

14. Deduce the conditions that in oblique co-ordinates 
the straight line 

a _ y _z 

I m n 

may be perpendicular to the plane 

Ax-^By + Cz=^D. 

15. Shew that the locus of a point which rnoves so as 
always to be equidistant from two given points, is a plane 
which bisects at right angles the straight line joining the two 
points. 

16. What loci are represented by each of the equations 

/ (^) = 0; /(r) = 0; /($) = 0; /(^) = 0; 
where r, 0, ^ are the usual polar co-ordinates ? 

17. Interpret the equations: 

A. G. ^ 
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18. Find the polar equation of a plane. 

19. Find the angle between the two lines given by 

20. Three planes are at perpendicular distances p,, p^, p^ 
from the origin ; three planes are drawn through the lines of 
intersection of any two perpendicular to the third; shew that 
the last three planes will intersect in a straight line passing 
through the origin if 

p^ cos -4 = p, cos B =^3 cos Cy 

where A, B, C are the angles between the first three planes. 

21. Shew that through two given points (a, b, c), (a', b\ c'), 
two plants may be drawn cutting off from the axes intercepts 
whose sum is zero; and these two planes will be at right 
angles to each other if 

,+ 7 77+ ^.= 0. 



a — a h — h' c — d 

22. Find the cosine of the angle between the two straight 
lines represented by 



^3. Find the condition that the two straight lines whose 
direction-cosines are given by the equations 

Al + Bm-^Cn^O, 

may be at right angles to each other. 

24. If the co-ordinates of four points be « — 6, a — c, 
a — d; b — c, b^-dy 6 — a; c — d, c — «, c — J; d — a, d^b, 
d—c, respectively, prove that the straight line joining the 
middle points of any two opposite edges of the tetrahedron 
formed by jeining the points, will pass through the origin. 
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25. Shew analytically that the least distance between 
two straight lines is perpendicular to each of theoL 

56. The shortest distance between the lines 
— j — =a — — J — ana — p — ; — — — t — , 

intersects the latter in the point whose co-ordinates are 

OL + V cosec" 6 [u •\-u cos 6), 

and two similar expressions where is the angle between the 
lines and 

t* = Z(a'-a) + m (^'-j8) + n(y -7), 
u'^t (a-V) + w' (^^^') + n' (7-.y)- 

27. Prove that the straight lines joining the middle 
points of opposite edges of a tetrahedron all meet in a point 
and bisect one another. 

28. If Xy y be the lengths of two of the straight lines 
joining the middle points of opposite edges of a tetrahedron, 
CO the angle between these lines, and a, a' those edges of the 
tetrahedron which are not met by either of the lines, prove 
that 



COSO) 



a?-a^ 



4ixy 

29. Find the shortest distance between the diagoaal of 
a cube and any edge which it does not meet. 

30. Find the area of the triangle formed by joining the 
three points where the plane 



a h 



cuts the axes. 



31. From the origin are drawn three equal straight lines 
of length p, such that the inclinations of the first to the axes 
of X, y, z respectively, are the same as those of the second to 
yy Zj X, and of the third to z, x, y, A plane is drawn perpen- 
dicular to each of them through its extremity. B'vcA \}cl<^ ^<^- 
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ordinates of the point of intersection of these three planes 
and the equations of the line joining it with the origin. 

32. A straight line is drawn from the origin to tneet 
the straight line 

a? — a _ y — & _ « — c 

I m n 

at right angles. Shew that its equations are 

a? y 

« I ■ « S5 " 



where t 



a — It b — mt c — nt* 
al-hbm + cn 



P + nv' + v!^* 



33. Shew that by a proper choice of axes the equations 
of any two straight lines can be put in the forms 



J 'J 



^» 



^ '••■> 



.-..,,. • rf 



CHAPTER III. ' 



ox CEBTAIX SURFACES OF THE SECOND OBDER. , 

■ I 

32. We have shewn that the general equation of the 
first degree represents a plaoie. Before proceeding to. the 
discussion of the general equation of the second d^ee,-wa 
shall find the equations of certain special surfaces included in 
the class represented by the equation of the second degree. 

33. The Sphere. 

A sphere is a surface every point of whidh is at a constant 
dista/nce from a fused point cOilled the. centre. The {constant 
distance %s called the radius. 

Let a, b, c be the co-ordinates of the qentre, r the radius, 
a?, y, z the co-ordinates of any point on the surface. Then 
the distance of the point (^, y, z) from the centre is equal to 

But this distance must equal the radius n. Hence for all 
points on the surface 

^/(^-a)»+(y-6)»+(^-c)• = r, 

or (^-ar-h(y-6)" + (-^-c)« = ^... ...(1), 

which is the equation required. 

Conversely any equation of the form 

represents a sphere. For it can be put into the form 
(^■1-2) +(2^+2) +(^+2)= 4 --^> 
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and, comparing this with (1), we see that it represents a 
sphere whose centre is at a point (""■oj^'o*"""^) ^^^ whose 
radius is 



y 



A' + B* + C^_jj 



34. The Gone. 

A cone is a surface generated by a straight line which al- 
ways passes through a fixed point called the vertex, and through 
a fixed curve. 

We Hhall only didcn^Sf in thiis and the next Article the 
case when the fixed curve is a plane curve of the second 
degree. 

Take the plane of the curve as the plane of xy, and let 
the equation of the curve be 

Aaf + Cy^ + Ex^O (1), 

to which form'th6 equation of any conic section can b6^fe* 
duced ; and let a, ^, 7 be the co-ordinates of the vertex. 

The equations of any straight line through the vertex are 

x-a y-^ z-y .. 

~l '^ ^ ^"^^^ 

when this meets the plane of xy we have « == 0, and therefore 

I r. m 

w " ^ ^ n ' 

These values of x and y must satisfy the equation (1), 
since the line always passes through some point in the curve 
represented by (1). Hence we have 

■ ^(.-l,)Vo(^_;,)V4-i,).0; 

or, multiplying by n^ 

A (na -hff+G (n$ -myY + En (na - ly) = 0. 
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This is a relation which must be satisfied by ?, »w, n if the 
straight line (2) meet the curve (1). But if {x, y, z) be any 
point in^ (2) we bave 

I ^ m _^ n 

x^oL y ^ fi « — 7* 

Consequently, if (a:, y, ^) be any point in any straight line 
joining (a, fi^ y) with some point of the curve (1), we must 
have 

+ JF (5? - 7) {a («-7)-7 (ar- a)} = 0; 
or reducing, 

A(^aZ'-yxy+C(J3z-yyy + E{z^y)(az-yx)^0...{S), 
which is therefore the equation of the cone. 

If we transfer the origin to the point (a, 13, y) we must 
put 

x=^x+a, y = y'+fif z=^z +y, 

and the equation becomes 

A {az - yxy + C {^z - yy'f ^Ez' {olz' - yx) = 0, 

of which every term is of the second degree in x, y\ z. The 
equation of a cone of the second degree whose vertex is at 
the origin is therefore homogeneous. Conversely every homo- 
geneous equation of the second degree represents a cone 
whose vertex is at the origin. For let 

Px^-^Qf-\-Rz^+Fyz-\-qzx-\-B:xy^O (4), 

be the equation. And let x^^y^y z^ be the co-ordinates of any 
point on the locus. Then the equations of the straight line 
joining (aj^, y^, z^ with the origin are 

^=1=^ ; (5). 

^'i Vx ^» 
But, since {x^, y,, z^ is a point in (4), 

and therefore by (5), if {x, y, z) be any point in (5), 

■Re* + Qt + -K^' + Py^ + Q'^^ + '^'^y = o- 
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Hence every point on the straight line joining the origin with 
(fl?j, y^^z^ lies on the surface. Thus, the surface is generated 
by a straight line which always passes through the origin, and 
is therefore a cone. 

35. The Cylinder, 

A cylinder is a surface generated by a straight line which 
always passes through a fired curve and remains parallel to 
itself. 

Let the plane of the curve be taken as the plane of xy, 
and let its equation be 

Ax^+Cy^ + Ex=^0 (1). 

Also let I, m, n be the direction-cosines of the straight 
line to which the generating line always continues parallel. 
Let a, /3, be the co-ordinates of the point in the curve (1) 
through which any generating line passes. The equations of 
this line will therefore be 

"^^^y^^.^t (2). 

I m n ^^^' 

h ^ mz 

n ^ n 

But a, ^ are the co-ordinates of some point in (1), and 
therefore we have by substitution 

or A (nx -IzY + (ny - mzY -^ nE (nx "Iz) =^0 (3), 

which, being a relation satisfied by the co-ordinates of any 
point in any one of the generating lines, is the equation of 

the surface. 

36. The Ellipsoid. 

The ellipsoid is a surface generated by a variable ellipse 
which ahoays moves parallel to itself and has its vertices on 
two ellipses whose planes are perpendicular to each other and 
to the plane of the moving ellipse, and which have one aocis 
common. 
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Let the planes of the fixed ellipses be taken as the planes 
of zx and ay, and the direction of their common axis as the 
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axis of X. The plane of the moving ellipse vdll be parallel to 
the plane of yz. 

Let CO A, A OB be the fixed ellipses, OA = a, 0J5 = 6, 
OC=c. An4 let EPS be any position of the moving ellipse, 
MB, MS its semi-axes, P any point in it. 

Draw PJV parallel to Oz to meet MS in N. 

Let OM^x, MN^y, NP^z. 

From the ellipse EPS, 

BiP'^M^^^ ^^^' 

From the ellipse GO A, 

c» ^ a« : ^-^• 

From the ellipse Jl 05, 

MS* a? 
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Whence substituting in (1) 

^« + J. - 1 - ^. , 



or 



^ + 4 + ^=1 W 



a- ' 6* " c* 



If the two semi-axes OC and 05 be equal, it can be 
seen from (2) and (3) that MR and MS are also equal. 
Now an ellipse whose axes are equal is a circle. Hence 
the surface in this case would be generated by the revo- 
lution of the ellipse BOA round OA, and its equation 
becomes 

The surface is called an oblate or prolate spheroid ac- 
cording as the semi-axis a i» less or greater than b. If 
all the three semi-axes OA, OB, 00 be equal, the equation 
becomes 

which shews that the surface in that case becomes a sphere 
whose centre is at O. 

37. The Hyperhohid of one Sheet. 

The hyperhdoid of one sheet is generated by a variahle 
ellipse which moves parallel ta itself, and ha^ its vertices on 
two hyperbolas whose planes are perpendicular to each oiher 
and to the plane of the moving ellipse, and whibh have a com- 
mon conjugate axis. 

Let -4Q be one hyperbola in the plane of zx, BR the 
other in the plane of yz, and RPQ any position of the 
moving ellipse, BM and QM its semi-axes, and P any point 
on it. Let OA=^a, OB=^b, and 00, the common conju- 
gate semi-axis, =c. Draw PN parallel to MR to meet 
MQ in N. Let OM=-z, MN=x, NP,= y. Then from the 
ellipse RPQ, 

MR^^MQ' ^' 
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from the hyperbola AQ, -—^ = 1 + -, , 
from the hyperbola Bit, — ^ = 1 + -^ ; 




" — ^ — 
a 



i+J, 



or 






the equation required. 

38. The Hyperboloid of two Sheets. 

This is generated as th« last surface except that the 
hyperbolas have a common transverse aods. 

Take the direction: of the common a^is as axis of a?, the 
planes of the hyperbolas as the planes of zx^ xy, and the 
plane of yz parallel to that of the moving ellipse. Let 
OA = a be the conj^on transverse semi-axis, and OB = 6, 
OG=c, the two conjugate, semi-axes. Let QPB be any 
position of the moving ellipse, MQ, MR its semi-axes, and 
F any point in it. Draw PJV parallel to QM to meet 
BMinN. 
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Lei OM=-x, MN=y, N'P:=^z.- 

From the ellipse QPR, -^^ + -^^ = 1, 

from the hyperbola A Q, — ^- = — j — 1, 

from the hj^erbola AR, -75- = -7 — 1 ; 

fl^ y" «» ■ 
a cr 
the equation required. 



• • r 




These three surfaces, the ellipsoid, the hyperboloid of one 
sheet, and the hyperboloid of two sheets, are all included in 
the equation 

Ax^' + Bf+Cz^^l. 

39. The Elliptic Paraboloid, 

The elliptic paraboloid is genera/ted by a parabola which 
moves with its vertex in a fixed parabola, the planes of ihe tm 
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s being at right angleSj their axes parallel, and their 
38 turned in the same direction. 

the plane of tlie fixed parabola as plane of wj/j its 
} origin, and its axis as axis of x. Then the plane of 
ng parabola is parallel to that of zx. 

^Q be any position of the moving parabola, P any 
it, I' its latus rectum, and let I be the latus rectum 
:ed parabola. Draw PM parallel to Oz to meet the 




he moving parabola in Jf, and draw QH and JlfiV 
:o the axis pf y. 

I from the parabola PQ, 

PM'^z'^V.QM, 

i the parabola QO, 

QH^=y^ = LOE = lx-l.QM 

, Iz^ 

^ix-^Y'y 

- y z 

•• i.^ I' ?• 
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40. Tlie Hyperbolic Paraboloid. 

This is generated in the same manner as the last sur- 
face except that the concavities are turned in opposite 
directions. 

Let OQ be the fixed parabola in the plane of /rv, PQ any 
position of the moving parabola parallel to the plane of zx^ 



N H 




P any point in it. Draw PM parallel to Oz, MN and QU 
parallel to Oy. Let I and /' be the latera recta of the two 
parabolas OQ, PQ. 

From the parabola PQ, 

PM'^z'^l'.QM, 

from the parabola OQ^ 

Iz' 



^ + -ir> 



y z 

.. ^ J, "OS. 

The two paraboloids are both included in the equation 
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We shall shew hereafter that any equation of the second 
degree in x, y, z can be reduced to that of one of the surfaces 
whose equations we have considered in this chapter. 

41. Asymptotic surfaces^ 

The equation of the hyperboloid of one sheet is 

a? y^ .z*_ 

'^■*"6^"^"""'' ^^^' 

which can be put into the form 

W bV 2(oy + 6'a^* "■' 

where the remaiuing terma contain higher powew of 
d*i/' + b*a? in the denominator. 

Hence, if we increase a; or y, or both, indefinitely, the 
value of z approaches indefinitely near to 



VF 



^6" 



And if we construct the surface 

c* a'^ b' ^^^' 

(which by Art. 34 represents a cone whose vertex is the 
origin), the ordinate of this surface parallel to Oz, corre- 
sponding to any given values of x and y, approaches indefi- 
nitely near to equality with the ordinate of the hyperboloid 
corresponding to the same values of x and ?/, when these 
values are increased indefinitely; that is, the cone (2) is 
asymptotic to the hyperboloid. 

Similarly the cone whose equation is 

o* b* c* ~ ' 
is asymptotic to the surface 

a* ~ 6* ~ c" " 
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42. The equation of the hyperbolic paraboloid is 

^-T = - W; 







Now if « be increased indefinitely and /r be not very large, 
the second and all the succeeding terms of the series on the 
right will diminish indefinitely. Hence the equations 



y=±V7 



(2), 



represent two planes which are asymptotic to the surface (1) 
at points for which y and z are increased indefinitely while x 
remains finite. 
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1. Find the polar equation of a sphere, any point not the 
centre being the pole. Shew that if through a fixed point 
any chord OPQ be drawn meeting a sphere in P and Q, the 
rectangle OP . OQ is invariable. 

2. From any point a straight line is drawn to ineet a 
given plane in P. In OP a point Q is taken so that the rect- 
angle OP . OQ is equal to a given constant A*. Find the 
locus of Q. 

3. From any point a straight line is drawn to meqt a 
given sphere in P. In OP a point Q is taken so that the 
rectangle OP . OQ is equal to a given constant A;*, Find the 
locus oi Q. > ^ > 
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4. Shew that if through any point of a sphere a plane 
be drawn perpendicular to the straight line joining the 
centre with that point, the plane will only meet the sphere 
in that one point. 

5. A and B are two fixed points, P a point which moves 
so that PA is to PB in a constant ratio* Find the locus 
of P. 

6. A and B are two fixed points, P a point which moves 
so that the angle APB is a right angle. Find the locus 
of P. 

7. Find the surface generated by the line of intersection 
of two planes which pass each through a fixed straight line 
and are at right angles to each other. 

8. Shew that all the points of intersection of two spheres 
lie on a circle whose plane is perpendicular to the straight 
line joining the centres of the spheres. 

9. About three fixed points as centres, spheres are 
described having variable radii which are always in the same 
ratio to each other. Shew that they always intersect two 
and two on three fixed spheres, and that these three spheres 
have one circle common. 

10. Prove that the planes of the three circles in which 
three spheres intersect each other two and two, all intersect in 
a straight line which is perpendicular to the plane containing 
the centres of the three spheres. 

11. Prove that the six planes of intersection of four 
spheres two and two have one point common to them all. 

12. Shew that if each of six equal spheres intersects all 
the rest but one, so that the radii at the line of intersection 
are inclined at 60^ the portion of space common to all will 
have eight solid angles coinciding with those of a cube whose 

side is -f= of the diameter of the sphere. 
Vl8 ^ 

13. A straight line moves so that three given points of it 
lie respectively in three planes at right angles to each other. 

A. G. ^ 
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Shew that a fourth point in the straight line, whose distances 
from the other three are respectively a, J, c, traces out an 
ellipsoid. 

14. The two straight lines 

^ ± « i .V — ^ 



cos a sin a 

meet the axis of a? in 0, 0', and P, P' are points on the two 
lines such that OP . O'P' = c^; shew that the surface traced 
out by the straight line PF' is the hyperboloid 

?! y', ^ _, 

a c COST a cr sin* a 
P, P being taken on the same side of the plane ocy. 

15. Find the surface generated by a straight line which 
revolves round a fixed straight line which it does not meet. 

16. Find the surface which is the locus of the family of 
carves defined by the equations 

flj*+/ + i5" = a'and/ + ^=wV-c», 

where a is a variable parameter and c an absolute constant; 
and discuss its form for different values of n. 

17. A perpendicular PN is let fall from a point P in a 
right cone on a plane through the vertex perpendicular to 
the axis, and a point P is taken in PN or PN produced 
such that PN . PN is constant. Find the locus of P^ 



CHAPTEE IV. 

TRANSFORMATION OF CO-ORDINATES. 

43. Many of the equations which we shall have occasion 
to employ will be much simplified by a proper choice of axes. 
It is necessary therefore to investigate the relations which 
hold between the co-ordinates of any point when referred to 
two diflferent sets of axes. 

The simplest case is that in which the directions of the 
two sets of axes are identical, the origin only being different. 

Let Xy y, z be the co-ordinates of P referred to the old set 
of axes; a?', y\ z, the co-ordinates of the same point referred 
to the new set. Let a, ^, 7 be the co-ordinates of the new 
origin referred to the old axes. Then the distance of P from 
the old plane of yz is equal to the distance of P from the 
new plane of yz together with the distance between these 
two planes, or 

Similarly y — y+P> 

z=^z -^^^ 

These results will hold whether the axes be oblique or 
rectangular. 

44. To find the co-ordinates of a point P referred to one 
set of rectangular axes, in terms of the co-ordiruites of the 
same point referred to another set of axes, also rectangular, 
with the sa/ms origin. 

Let Ox, Oy, Oz be the old axes ; Ox\ Oy, Oz' the new. 
Let Xfy,z\)Q the co-ordinates of P referred to the old axes% 
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x\ y*, z the co-ordinates of the same point referred to the 
new axes. Let Z^, m^, n^ be the direction-cosines of Ooi re- 




ferred to Oa?, Oy, Oz\ Z,, m,, w, those of Oy', and Z,, w,, w, 
those of 0/. 

Through P draw PJf parallel to Oir* to meet the plane 
Oi» y in M^ and through Jtf draw MN parallel to Oy' to meet 
O/in JV. Then ON^ x\ NM^ y\ MP = z\ 

Also the projection of OP on Ox is x. And the projec- 
tions of ONy 2sMy MP on Ox are Z^a?', Zy, Z^', respectively, 
since l^^h^ Z, are the cosines of the angles between Ox and 
ONy Nm and MP, respectively. But the projection of OP 
on any straight line is equal to the sum of the projections of 
ON, NM and MP on the same line. Hence 

a?=z/ + zy + Z3/. 

Similarly by projecting on the lines Oy and Oz we get 

y=mjX +my + m/, 

z = n^x + n^' + n^\ 

The nine quantities \, m^, n^, Z,, m,, n^ Z,, m^, n^ are not 
independent, but are connected by six relations. For since 
l^^rrij^, n^ are the direction-cosines of Ox\ we have 

Z,* + m,« + <=l. 
Similarly Z,"+.m,» + <= 1, 

i ?/ + < + <==!. 
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Also the cosine of the angle between (hf and Oz is equal 
to l}^'\''nt^^^\rnj^^\ but this angle being a right angle, its 
cosine is equal to zero ; 

Similarly l^^ + Wg^i + ^3^1 ~ ^' 

ZjZ, + m^m, + WjTij = 0. 
These relations may be replaced by the six equations 

I' +'/ +V =1> 
m^ +m,* +m3* =1, 

< +V +< =1. 
m^rij + WjWj + mjrig = 0, 

Z^mj + Ijfn^ + iam, = 0. 

These equations can be algebraically deduced from the 
previous set, but they can be more easily proved independ- 
ently thus : 

Z,, Wj, Wj are the cosines of the angles between Ox and 
Ox^ Oy^ Oz; Z,, m,, n, those of the angles between 0^ and 
Ox, Oy, Oz; and Z,, m., ri, of the angles between 0/ and Ox^ 
Oy, Oz. Consequently ^1,^0,^8 ^® ^^' cosines of the angles 
between Ox and Ox', Oy, Oz \ m., m,, w,^ those of the angles 
between Oy and Ox\ (hf, Os!\ ana n^, n, n^ those /)f the angles 
between Oz and Ox\ Oi/, 0/. Considermg Oa?', Oy\ Oz as 
tees, and remembering that Ox, Oy, Oz are mutually at right 
togl&s, we obtain the above formulae at once. 

^sAris, The formulsB given in the last Article are extremely 
useful, and from their symmetrical character are easy to re- 
member. They are liable to the objection that nine con- 
stants are introduced of which six are superfluous, and other 
formulae have been proposed which employ only three con- 
stants. 

Let Ox, Oy, Oz be the old axes ; Ox\ Oy\ Oz' the new 
ones. Let the plane of xy' cut the plane of xy in Ox^, and 
let a plane through Oz and Oz , which is therefore by Euclid, 
XI. 18, perjpendicular to the planes of xy and ody, cut these 
planes in uy^, Oy^, respectively. 



( 
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Then since Oz is perpendicular to the plane of ajy it is 
perpendicular to Ox^^ and since Os! is perpendicular to the 




plane of x'y\ it also is perpendicular to Ox^. Hence Ox^ is 
perpendicular to the lines Oz and 0/, and is therefore per- 
pendicular to the plane in which they lie, and therefore 
perpendicular to Oy^, Oy^ Hence by Euclid, XI. Def, 6, the 
angle yfiy^ is the angle oetween the planes of xy and scy. 
Let this angle be called ^, and let the angle between Ox 
and Ox^ be called ^, and the angle between Ox^ and Ox' be 
called '^. 

Let x^ y, z be the co-ordinates of any point P referred to 
the axes Ox, Oy, Oz. Then if we take Ox , Oy^^ and Oz as 
axes, the ordinate z will be unaltered, and it x^, y^ be the new 
co-ordinates parallel to Ox^, Oy^, we have by the ordinary 
formulae of transformation in plane co-ordinates, 

0? = iz?j cos ^ — y^ sin ^, 
y = a?j sin ^ + ^1 cos ^. 

Again, if we take Ox^^ Oy^, Oz' as axes, the rc^ will be un- 
altered, and if y^, z be the new co-ordinates parallel to Oy,, 
Oz', we have 

y J = y, cos O-^z'sinO, 
z ^y^siaO + z' COS0, 
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And lastly, taking Ox\ Oy\ Oz* as axes, the z will be un- 
altered, and we get 

a?j =a?'cos'^ — y sin '^, 

y^ = a?' sin -^ + y' cos •^. 

And, making the substitutions for j?p y^, y„ we get finally 

X = X (cos ^ cos -^ — sin <f> sin -^ cos 0) 

— y (sin -^ cos ^ + cos 6 cos '\fr sin <f>) -f-/ sin ^ sin 5, 

y = a?' (sin ^ cos '^ -f- cos ^ sin -^/r cos ff) 

— y' (sin ^ sin '^ — cos <f> cos '^ cos 5) — / sin cos ^, 

2^ =a?' sin -^ sin 5 + y' cos -^ sin 5 -f- / cos 0. 

These are called Euler's Formulae. They are useful in 
discussing the nature of the sections of surfaces, but their 
unsymmetrical character renders them difficult to remember. 

46. If we wish to change both the origin and the direc- 
tion of the axes we have only to combine the formulae of 
Arts. 43 and 44. For changing the origin to a point whose 
co-ordinates are a, ^, 7, and keeping the direction of the axes 
unchanged, we get a? = a?^ + a, y = y^ + /8, z = z^-\'r^. And 
then changing the directions of the axes we get 

or a? = l^x + Ijj' + Z3/ -f- a. 

Similarly y = m^a?'+mjy'-f-mg^' + ^, 

z = n^x* + nju' -f- n^' + 7. 

47. The formulae for transformation of co-ordinates in 
Art. 44 hold also when the axes are oblique if Z^, m^, n^ denote 
the directioTirratios of the new axis of x with respect to the 
old axes. The six relations which hold between the nine 
constants involved, which can be obtained from Art. 13, are 
in general very cumbrous. 

48. A proof exactly similar to that given in Todhunter's 
Conic Sections, Art 87.j will shew that the degree of any ex- 
pression involvmg x, y, z is unaltered by transformation of 
co-ordinates. 
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49. The following proposition is useful in many ques- 
tions of transformation of co-ordinates. 

The condition that the expression 

Aof-^-Bf^-Gi^ + iA'yz + iFzx + iG'ay (1) 

should be the product of two linear expressions in x, y, z, is 

ABG + 2A'FC' - AA*^ - BB^ - OG'' = 0. 
For if one of the factors be 

7^-^fiy + vz (2), 

it is evident, by considering the coefficients of a?, y* and s^ in 
(1), that the other factor must be 

ABG 

■^a! + -y + -z (3). 

Multiplying (2) by (3) and equating the coefficients of yz^ 
zx and xy in the product, to those of the same terms in (1) 
we have 

B-^G^^^A\ 
C -+.1^ = 25', 

V A 

^^+£- = 2(7'. 

A. fl 

whence by multiplication we get 

SA'EC = 2ABC+a(R-^ + C*^-^B (c* ^+A'^\ 

= %ABC + A (4-4'» - WG) + 5(45^ - 2GA) + (7 (40'* - %AB), 
or transposing and dividing by 4, 

2A'FG' + ABC -AA"^- BB' - CC" = 0. 

The expression 2A'B'Cr + ABC - AA'* - BB^ - CC* is 
called the discriminant of the expression (1). 
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50. It is evident that in any transformation of co-ordi- 
nates from one set of axes to another, the origin being un- 
changed, the expression a^ + j^-^-s^ will be transformed into 
a?'*-|-y''-h/* if both sets of axes be rectangular; or the ex- 
pression 

a? + i^-\-s? + 2yz cos X -h 2zxqob fu -h 2xy cos v 
will be transformed into 

«" + y^ + « * + W^' cos \' -h 2/a:' cos /la' + 2x'y' cos v 

if the axes are oblique, the expressions in each case repre- 
senting the square of the distance of the point whose co- 
ordinates are considered, from the common origin. 

Thus if the axes are rectangular, and the expression 

Acf -\- 3^/^03? + 2A'yz-\-2B zx^-iC ay (1) 

become by transformation 

we shall have also the expression 

where X is any constant, transformed into 

P^''+Qy''+iJ^''+2P'y V+2Q'/a?'+2ir^y-X(a?'»+2/»+0. . • (*). 

But if, for any values of X the expression (3) be the pro- 
duct of two linear expressions in x, y, z, the expression (4) 
must, for the savne values of X, be the product of the two 
expressions in x\ %fy s! into which the former two would be 
reduced by the Iransformation. Hence the discriminant of 
(3) is identical with that of (4), or the two equations 

(il-X)(B-X)(0-X)-^''(ul-X)-B'*(B-X)-(7'»((7-X) 

+ 2J['B'(7' = (5), 

(P->')((2-X)(5-X)-.F»(P-X)-(r(Q-X)-JJ'«(iJ-X) 

-h2P'(2'iJ' = (6), 

are identical, and satisfied by the same values of X. Thus 
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the coefficients of the different powers of X in these equations 
must be equal, and we have 

A + B+G^P+Q + R, 

^QR + RP-\-PQ^P'^^(r''R^, \ (7). 
ABG + 2A'BG' - AA'^ -BB^- CG'^ 

=PQR + 2FQ'R - PP^ -QCT- RR^i 

The expressions on the left-hand side of the equations 
(7) are called invariants of the expression (1). 

51. As a particular case of the foregoing, let ns suppose 
if possible, as it will be proved to be hereafter, that the ex- 
pression (1) is transformed into an expression of the form 

Paj'^-I- Qy'^ + Rj^. 

The equation (6) then becomes 

(P-X)((2-X)(i2-X)=0, 

and the roots of this equation are P, Q, R, the coefficients of 
x^, y^y z^ in the transformed expression. These coefficients 
are therefore the roots of the equation (5) with which (6) is 
identical, namely, 

(A-X)(5-X)((7-X)-^'*(^-X)-5^(J5-X)-a'«((7-X) 
Another proof of this result will be given hereafter (Art. 86). 



EXAMPLES. CHAPTER IV. 

^. The co-ordinates of a point are (1, 2, 3). Find its co- 
ordinates relative to new axes whose equations are x = y^z\ 
2a? =— y=2«; a? = — «, y = 0. 

2. Transform the expression ayy-\-yz'\-zx to the new 
axes in the last question. 
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S, Shew that a? + y^ + z^ + yz + zx + icy can be reduced 
by transibrmation of co-ordinates to the form 

A(x'' + y') + Bz'\ 
^. From the formulae in Art. 44 prove that 

5, Find the values of P, Q, R when the expression 

a? -hy" + «* — 4ixy — 4^5? — 4izx 
is transformed into the form Px'* + Qy'* + Rz'\ 

6. Shew that if the expression 

Aof ->r Bf ->r Ce -\- 2A'yz + 2Bzx + 2G'xy 

be transformed into Px'^-\-Qy'^-\-Rz^ where the first axes 
are inclined at angles \ /it, Vy and the new axes are 
rectangular, P, Q, R will be the values of k given by the 
cubic equation 

{A^k){B^h){G-k)''iA' ^kQo%\y{A-k) 

^{B^hcostif{B^k)-{C'-hcQ%vf{G'-k) 

+ 2 (^' -i cosX) [B -k cos /a) (G'-fc cos v) = 0. 

^T. Prove that the equation 

represents a cone of revolution round the liaae 

a? = y = ^, 

whose semi-vertical angle is cot"* J2. 
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OK GENEBATINa LINES AND SECTIONS OF QUADBICS. 

52. We have seen (Arts. 34, 35) that the cone and 
cylinder admit of being generated by the motion of a 
straight line. This is also the case with the hyperboloid 
of one sheet and with the hyperbolic paraboloid, but not 
with any other surfaces whose equations are of the second 
degree in a?, y, z. 

Surfaces whose equations are of the second degree in 
(^» Vi ^) are called Qv^ricSy or, following the analogy of the 
terms ellipsoid, &c., Conicoids. 

53. On the generating lines of the hyperboloid of one 
sheet. 

The equation of the hyperboloid of one sheet is 

*"'o«-? = ^-|f W- 

This equation is satisfied by all values of x, y, z which 
satisfy either of the pairs of equations 

I-f-K-l). 

a c fi\ 6/ J 

a c \ bj, ^3j 



a c fi\ bj 
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whatever be the value of /x. Each of these pairs represents a 
straight line. There are thus two systems of straight lines 
lying wholly on the surface. We shall first prove that all 
the straight lines of one system intersect all the straight 
lines of uie other; and secondly, that no two lines of the 
same system intersect one another. 

54. The equations of any two straight lines of opposite 
systems are 

'-:-K'-f) 



a 



a c fji\ 0/ 



(1), 



a 



(2). 



And if the straight lines represented by these equations 
meet, these four equations must be satisfied by the same 
values of x, y, z. But the four equations are all satisfied 
if we take 



a c fi\ by 



(3). 



(4). 



From which we obtain 

y =- f^^f^' 5 — 1 -hfifi -sr _ 1 — /ifjf 
b fJ' + M!' a fi + fi' c "" /Lt + /i' 

Hence any two generating lines of opposite systems meet 
in a point. 

Conversely, through any point of a hyperboloid of one 
sheet two straight lines can be drawn lying wholly on the 
surface. For if we assume the co-ordinates of the point to 
be X, y, z; from equations (3) we can determine ytt and /m, 
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and therefore the equations of the two generating lines 
through the point in question. 

55. Secondly, no two lines of the same system intersect 
For let their equations be 






(C z 

a c 



?-'=K'-l) 



a 



c 

z 



m 

-+- 
a c 



From the first and third we get by subtraction, 

0*-,*')(i-f) = 0; 

therefore /^ = At'> or y = 6. 

From the second and fourth we get by subtraction, 



e- 






l^f).«; 



/. /Lt = /Lt', or y = — 6. 

Hence since we cannot have y equal both to h and — i we 
must have /it = /it', or the lines must coincide. Therefore no 
two lines of the same system intersect. 

56. The equation of the Hyperbolic paraboloid is 



y 



^ 



which will be satisfied by all values of a?, y, z^ which satisfy 
either of the pairs of equations 

VI Vf M 
y z _ 

V7 Vf"^ 
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y ^ «.^1 

Hence in this case also there are two systems of straight 
lines lying wholly on the surface. A proof similar to that of 
the last two articles will shew that ail the straight lines of 
one system intersect all those of the other, and that no two 
straight lines of the same system intersect one another. 

It maybe noticed that from the form of the second equa- 
tion in each set, it follows that all the lines of each system 
are parallel to a fixed plane. 

57. We have shewn in the preceding articles that the 
hyperboloid of one sheet and the hyperbolic paraboloid ad- 
mit of rectilinear generators ; we shall now shew that these 
are the only surfaces among those which we have considered, 
besides the cone and cylinder, with which this is the case. 

Let us first take the equation 

Aa^-\-By' + Cz'=^l (1), 

which includes the ellipsoid and the two hyperboloids ; and 
if possible let the line whose equations are 

I " m " n ""^ ^ ^' 

lie wholly on the surface (1). 

From (2), 
and if the straight line (2) lies wholly on (1) the equation 

must be satisfied for all values of r. 

The conditions for this are 

Aol'+ i?^* + Cy = 1 (3), 

Ala + Bml3+Cnj=^0 (4), 

AP + Bm^ + W =0 (5). 

The first of these equations merely expresses the condi- 
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tion that the point (a, /8, 7) may lie on the surface. The 
second and third are the conditions which I, m, n must 
satisfy. They will in general give two values for the ratios 
I : m : n. It remains to examme whether these values are 
real or not. 

From (4) we have 

^ Ala-^Bmff 

7 
Substituting in (5) we get 

CAPr/ + CBmy + {Ah + BmfiY = 0, 

which is a quadratic in — . 
* m 

The roots of this quadratic will be possible or impossible 
according as 

{AGr/ + ^V) {BO/ + B"^') < or > A'B'J'fi*, 

or as ABOy + A'BCaV + E'AC^r/ < or > 0, 

or as ABCr^^ {Aa^ + 5/3* + O/) < or > 0, 

eras ABG<ov>Q. 

Hence that the generating lines may be real we must 
have ABG B> negative quantity ; thus one or three of the 
quantities A, By G must be negative. If they are all three 
negative, the surface is impossible, so that the only possible 
surface is the hyperboloid of one sheet in which one is nega- 
tive. In this case we may take 

and the equations which determine the directions of the 
generating lines are 

h mff "7 _ o 

58. It may be noticed that since for either of the gene- 
rating lines we have 

Ah + Bmfi + Cny=^0, 
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and for any point in either line we have 

a—a _ y — ^ __ ^ — 7 
I m n * 

we must also have the equation 

satisfied for any point in either of the straight lines through 
the point (a, /8, 7). But this is the equation of a plane : 
it is therefore the equation of the plane containing the two 
straight lines. 

The equation can be written 

and it may be noticed that whether the lines themselves be 
real or not, this plane is a real plane. We shall prove here- 
after that it is the tangent plane to the surface at any point 

(a, /8, 7). 

59. The equation of the projection of either line on the 
plane of ^ is 

~l ^' 
or y^jx + ff-ja (1), 

the values of -y- being deduced from the quadratic equation 

given in Art, 57. 

AP{Cr/ + Ac?)+2AB2^lm + Bm'{Cy' + B,8') = 0, 
or AP(l''Bfi^) + 2AB2l3lm + Bm'{l-Aa')=0; 
.-. AV'\-Bm^=-AB{l^-m7)\ 
Hence the equation (1) can be written 

+ /1 . 1 ^l 

I "^y B^ A' i*' 

which is a •well-known form of the equation of th3 tangent 
to the curve 

Aa? + Bf = 1. 
. A.O. ^ 



m 
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But this curve is the ellipse in which the given surface is 
cut by the plane of xy. Hence the projections of the gene- 
rating lines on the plane of xy are tangents to the curve in 
which the surface is cut by that plane. 

The same is true for the planes of yz and zx. 

60. The equations of the two p^abploids are both in- 
cluded in the equation 

£f + Cz' = x (1). 

The conditions that a straight line 

a^-ci__ y-^ _^-y ,«v 

I " m ""V" ^"^^^ 

should lie wholly on the surface (1) are found by a process 
similar to that of Art. 57 to be 

B^'+Cr/=^a (3), 

5m' + Cn' = (4), 

iBml3 + 2Gny-l = (5). 

The first equation indicates that the point (a, ^, y) lies 
on the surface (1). The second and third give the values 
of the ratios I : m :n. These values will be real if B and G 
have opposite signs, so that the surface must be the hyper- 
bolic paraboloid. 

61. The equation of the projection of one of the gene- 
rating lines on the plane of a^ is 

y-T^+{^-T^) (6). 

But from (5) 

{2Bmj3^iy^4iC'ny 

= - iiSCyW from (4) ; 
.-. 45m*(£^» + Cy)-45Zm^ + P = 0; 
.-. iSmJ'x - 4iBlml3 H- P = from (3) ; 

JO 1 ^ 

w m 



< 



« 
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And tlie equation (6) becomes 

m 11 

a well-known form of the equation of the tangent to the 
curve 5|y*=a?. 

Hence the projection of the generating line on the plane of 
soy is a, tangent to the curve in which that plane is cut by the 
sur&ce, A similar proof holds for the projection on the plane 
of zx. 

The equation of the projection on the plane of yz is 

m n * 

or y^n^^^'^n'^ ^^' 

But Bm' + Gn'^O; .-.^^ty/^, 

and the equation (7) becomes 

Hence the projections of the generating lines on the 
plane of yz are parallel to the two straight lines in which 
the surface is cut by that plane. 

62, The sections of the ellipsoid 

? + ? + ? = ! • W. 

made by planes parallel to either of the co-ordinate planes 
are ellipses. For taking the equation of a plane parallel to 
that of ^ to be 

*=7 (2), 

we get for the points where this meets (1) 






%—\ 
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This is the equation of the projection of the curve of 
section on the plane of xy. But since the cutting plane is 
parallel to the plane of xy^ the projection of the curve of 
section on that plane is equal and similar to the curve itselt 
Hence this curve is an ellipse. And it may be noticed that 

this ellipse is always similar to the ellipse -§ + rs = 1, in 

which the surface is cut by the plane of xy. 

In a similar manner the sections by planes parallel to the 
other co-ordinate planes may be shewn to be ellipses. 

The sections of the hyperboloid of one sheet 

9 9 9 

a^ "^ 5'^ c^ - ^' 

by planes parallel to that of xy are ellipses, and those by 
planes parallel to the planes of yz or zx are hyperbolas. 

The sections of the hyperboloid of two sheets 

by planes parallel to those of zx or xy are hyperbolas, and 
by planes parallel to that of yz are ellipses, which are im- 
possible if the value of x for points in the cutting plane is 
numerically less than a. 

The sections of the two paraboloids 

by planes parallel to those of zx or xy are parabolas whose 
latera recta are X and I respectively. 

Their sections by planes parallel to that of yz are re- 
spectively ellipses and hyperbolas, the former bein<2^ impos- 
sible when the cutting plane is to the left of the origin. 

To find the nature of the sections of these surfaces by 
planes not parallel to the co-ordinate planes it is no longer 
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sufficient to find the equations of the projections of the curve 
of section on the co-ordijiate planes, since the projection will 
not in general be similar to the curve itself. The simplest 
method is to transform the co-ordinates so that the plane 
of xy shall be parallel to the cutting plane, and then the 
nature of the section will be given as above by its projection 
on the plane of xy. For this transformation the formulae 
of Art. 45 are very useful. We may in general avoid the 
third substitution, and since we wish to find merely the nature 
of the sections by planes parallel to that of xy\ which we 
shall prove in the next article to be always similar to the 
section by the plane of x'y itself, we may before substitu- 
tion put y = 0. The required substitutions will then be 
derived from the formula} in Art. 45 by putting -^ = and 
z' = 0. We thus get 

a? = a?' cos ^ — y' cos 6 sin ^, 

y = fl?' sin ^ +y cos 6 cos <^, 

z=y sin^. 

If the equation of the cutting plane be given in the form 

he + my + nz =p, we have tan ^ = , and cos =* n. The 

above substitutions then become 

where we assume that P + m' + n" = 1. 

63. We shall first prove the following general propo- 
sition. 

All sections of surfaces of the second order made by 
parallel planes are similar and similarly situated. 

Take the plane of xy parallel to the system of cutting 
planes. The equation of the surface can be put into the form 

Aa? -I- By^ + Gz^ + 2ul> + "IBzx + 2 Gxy 

+ 2A''x + 2B'y+2G"z + F=-0 (1). 

The curve in which this is cut by the plane 

-^ = 7 (2), 
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is given by the equation 

And whatever be the value of 7 this curve is always 
similar and similarly situated to the curve 

^i' + J^y«+2Ca^ + 2^"a: + 25'V + ^=0, 

in which the surface is cut by the plane of xy. 

Hence in discussing the form of the sections of surfaces 
by a series of planes, we need only consider planes through 
the origin. 

This method will not fail even if the curve of section by 
a plane through the origin become impossible, since the 
terms of the second degree in the equation of this curve are 
the same as in the equations of the possible curves formed 
by the intersection of parallel planes with the surface. 

64. "We shall consider first the equation 

which includes the three central surfaces. 

Making the substitutions suggested in Art. 62, we get as 
the equation of the curve of section 

a?'* (A cos' ^ + -B sin* ^) + 2ajy {B — J.) cos ^ sin ^ cos 6 

+ y[^ {A cos*^ sin* ^ + B cos^tf cos' ^ + (7 sin*^) == 1. 

And the section will therefore be an ellipse or hyperbola 
according as 

(5- Ay cos*5 cos* ^ sin*^ 

- {A cos"^ + 5sin*^) {A cos* 5 sin*^ + B cos*5 cos*^ + (7sin*^ 

is negative or positive. This expression can be reduced to 
the form 

- [BCmi^e sin*<^ + CA sin* 6 cos*^ +-45cos*5}. 

In the case of the ellipsoid A, B and G are all positive, 
and this expression is therefore always negative. All sec- 
tions of the ellipsoid are therefore ellipses. The investigation 
of the nature of the sections in the other surfaces is long and 
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the results uninteresting, except in the particular case in 
which the section becomes a circle. 

The conditions that this may be the case are, that the co- 
efficient of a?y should vanish and the coefficients of ^" and y^ 
should be equal "We have therefore 

(-B— -4) cos tf sin ^ cos ^ = 0, 

A cos*^ + B sin'^ == A cos*^ sin*^ + B co^O cos*<f> + C sin' 5. 

From the first equation we must have either B=A,in 
which case it is abready obvious that all sections parallel lo 
the plane of ocy are circles, or 

cos ^ . sin ^ . cos <^ = 0. 

If cos tf = 0, we have = 90°, and the second equation gives 

AcoQ^(f> + Bsm^(l>=C= C(cos'^ + sin»^); 

.*• tan ^ = -g— ^, 

and if ihf values of tan <^ be real, we get circular sections by 
two planes through the axis of z. 

If we take cos <^ = ; we have <f} = 90^ or the plane 
passes through the axis of y, and the second condition gives 

JB = u4cos»^+(7sin"^; 

A — B 

and therefore tan'^ = ^^ ^ , 

and if the values of tan be real, we get circular sections by 
planes through the axis of y. 

Similarly from the condition sin<^ = 0, we get circular 
sections by planes through the axis of x inclined to the 
plane of xy at angles given by the equation 

.,. A^B 
tan u = y^ — -J . 

In all cases the circular sections are made by planes 
passing through one of the axes.. lii only remains to examine 
in what cases they are real. 
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\.^ttr cne of the three quantities 

C-A A-'B Aj-B 
B-C £-0' G^A 

>,"«t K* iK^tive, consequently there are only two real central 

•itvut:»r sections, and they pass through the axis of z, y or x, 

^w^nttiur as the first, second, or third of these expressions is 

1^ In the ellipsoid A, B, C are all positive, and if we 
•^^ thorn in order of magnitude, the second of the above 
<\i<vesJons is positive. Consequently the central circular 
j^ofkoid of an ellipsoid are made by planes through the mean 

(2) In the hyperboloid of one sheet G is negative, and 
tf iro suppose A>B^ it is again the second of the above ex- 
iw^ons that is positive, and the circular section is made by 
^ fjane through the greater real axis, since 

^d A being > 5, a < 6. • 

(3) In the hyperboloid of two sheets, B and C are 
negative, and if we suppose B numerically greater than C, 
^^f J<c, B—C will be negative, the first of the above ex- 
pressions is positive, and the circular section is made by a 
jjane through the greater impossible axis. 

65. We have shewn in the last article that the only 
planes which give circular sections of central quadrics are 
certain planes through one of the axes. It is easy to shew 
without transformation that these planes do give circular 
sections. 

Thus the equation of the ellipsoid can be written in the 
form 



or 



a;* + y* + a' + 1^ ^t'-c*"! V^?^j j^ */W^+^ V?^| = V, 
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which shews that either of the planes 

-V6^^:r7_?v?:r5J=o (1), 

or f V6^3? + -\/^«^» = (2), 

cuts the ellipsoid in the same points in which it cuts the 
sphere 

a" + / + ^ = 6*. 

But every plane section of a sphere is a circle. Hence 
the planes (1) and (2) and consequently by Art. 63 all planes 
parallel to them cut the ellipsoid in circles. 

The circular sections of the hyperboloids of one and two 
sheets can be deduced in a similar manner. 

66. The two paraboloids are included in the equation 

Making the same substitutions as in Art. 64 we obtain 
for the equation of the curve of intersection, 

B sin' 0aj'* + 25 sin ^ cos ^ cos 6 xy' 

+ y {B cos* cos* <f> + Csin*^) = a?' cos <^ — ^ cos sin <^, 

which will represent an eUipse. parabola, or hyperbola, ac- 
cording as 

\B" sin*^ cos*^ cos*^ - B sin*^ {B cos*^ cos*<^ + C sin'0) 

is negative, zero, or positive. That is, according as 

BGsiji^(f>sm^0 

is positive, zero, or negative. 

The sections of both paraboloids are therefore parabolas 
i£<f> or vanish, that is, if the cutting plane pass through the 
axis of OS or coincide with the plane of ccy. In all other 
cases the sections of the elliptic paraboloid are ellipses, and 
of the hyperbolic paraboloid, hyperbolas. 
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The conditions that the section may be a circle are 

£ sin <^ cos ^ cos ^ = 0, 

B sin'^ = B cos*<^ cos*^ + G sin'^. 
From the first equation 

sin^ = 0, cos^ = 0, or cos^ = 0. 

If sin = 0, the coefficient of a?'* vanishes, and the section 
reduces to a straight line or parabola. 

If cos 0=0, we have from the second equation 5=(7 sin'^, 
and if B and G are of tha same sign and B<G this gives 

two possible values of 0, If cos ^ = 0, we get sin'0 = -^ , and 

this gives two possible values of if < 5, and B and G have 
the same sign. Thus we get real circular sections of the 
elliptic paraboloid passing through the axis of y or z, accord- 
ing as jB < or > (7, that is as i > or < T. 

If B and G have opposite signs, there are no real circular 
sections. 

67. The equation of the elliptic paraboloid can be put 
into the form 



a? 






a? 
or — 



Thus each of the planes 

c 

and therefore all planes parallel to them will cut the surface 
in circles. These planes are real if ? > t If f < i we can 
shew similarly that the planes . 
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cut the surface in circles. 

68. We shall conclude this chapter with the investiga- 
tion of the position and magnitude of the axes of the section 
of an ellipsoid by a plane through its centre. 

^' $+F + ? = l W ' 

be the equation of the ellipsoid, 

Ix + my + nz^s^O (2) 

the equation of the cutting plane. 

be the equations of any straight line in the plane (2), and let 
r be the distance from the origin of the point where it meets 
the ellipsoid ; therefore 

l^^ + l^.-l f4) 

and ZX + m/A + 7ii; = (5), 

since the line (3) lies in the plane (2). 

Also if r be the length of one of the semiaxes of the 
section of (1) by (2), we must have r a maximum or mini- 
mum by the variation of X, fi, v, which are connected by the 
relation (5) and also by the relation 

X« + /t»+x;»=l (6). 

Differentiating (4) we get when r is a maximum or mini- 
mum 

^ __ XdX fidfi vdv 
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And from (5) and (6) respectively, 

= ld\ + mdfjL + ndv, 

= \dX + fddfM + vdv. 
Whence by indeterminate multipliers, 

^ + W + A;'X = (7), 

^+A;m + A;> = (8), 

-^ + A7i + A;'i; = (9). 

Multiplying (7) by X, (8) by /a, (9) by v^ and adding, we 
get 

^ + A;' = 0, 
and therefore 

¥^^' 

And therefore from (5), 

^3^ + ^^3^8 + 0*^17:2 = (10), 

which is a quadratic equation and gives two values of r*. 

The product of these two values 

a*6V 
■"7V + m*6» + wV' 

and the area of the section is therefore 






AKD SECTIONS OF QUADRIC& 



77 



The directions of the two axes may be obtained by elimi- 
nating k and A;' from equations (7), (8) and (9); we then get 



a" 



I X 



V 

c 



= 0, 



which united with (5) and (6) gives two sets of values of 

The expression for the area of a section of an ellipsoid by 
a plane not passing through the centre will be given in a 
future article. (Art. 79.) 



EXAMPLES, CHAPTER V. 

1. Shew that the two generating lines of the surface 

drawn through a point for which 5? = + c a/ -^ 
right angles to each other, 

2. Shew that all the points on the surface 






are at 



a? + y* z 



:« 



or c* 



for which the generating lines are inclined at an angle a, lie 
in one or other of two fixed planes. 



3. Find the angle between the two generating lines of 
the surface 



at the point a, )8, y. 



a 



V (? 
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4. If the surface 

(a;' + y« + ^)«x=aV + 6y + c»«* 
be cut by a central circular Bection of the ellipsoid 

the sum of the squares on any two perpendicular radii vec- 
tores of the curve of section is constant. 

6. The equation of a surface can be put into the form 
o^'¥y^'\-z^-\-{}x'\-my'\rnz^p) (raj + m'y + w'^— jp') =0, 
find the planes .which give circular sections. 

6. Prove that the sections of the surface 

ooy + yz -{• zx ^1, 
by planes parallel toa; + y + » = 0, are circles, 

7. If the two generators drawn from a point on the 
surface 

a? y^ £" ^ 

intersect the principal ellipse in points P, P at the ends of 
conjugate diameters, then will 

OP' + OP'^ = a^ + 6*+2c', 

8. Find the circular sections of the surface 

ya ^ ^ 

9. Prove that if the section of the surface 

a tr c 
by the plane los + my + w^? =? be a rectangular hyperbola, 
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10. The angle between the generating lines of 

— + T- +— *=1 at the point (a?, y, z) is cos**r^ — ^, 
a o c "^ \ ^ *f f \ ** \ 

where X, and X^ are the two roots of 

11. Prove that the foci of all centric sections of the 
surface 

cw? + 6^ 4- c-2* =3 1 

lie on the surface 

= {aa?+ bf+ c^) {{c - i)y«*+ (a - c) V^+ (5 - a) Vy»}. 

12. Find the equation of a right circular cylinder whose 
axis is the line 

w y z 

I m n' 
and whose radius is a. 

13. Find the condition that the cone 

Aai' + By'+Gz'+2A'yZ'h2Bza) + 2O'ajy:=::0 
may have three generating lines mutually at right angles. 

14. Find the equation of the right cone which has a 
centric circular section of the ellipsoid 

for its base and its altitude equal to b. 

15. Find the equation of a right circular cone referred to 
rectangular axes, having its vertex at the origin, and meeting 
each of the co-ordinate planes in one line only. 

16. Find the equation of a right circular cone whose 
axis is the line -y = ^ sa - , and semi- vertical angle a, 

17. Find the equation of a right circular cone which 
contains three given straight lines passing through the 
origin. 
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18. Find the locus, of the points at which the two gene- 
rating lines of the surface 

are at right angles. 

19. If a plane be drawn through the straight line 

the two other straight lines in which it cuts the cone 
{B-C)yz{mz-ny)-{-{G-A)zx{nx—lz)+{A-B)xy{ly-inx)=0 
will be at right angles to each other. 

20. Shew that any point on the hyperboloid of one sheet 
may be represented by the equations 

a? = a cos sec 0, 

y=b sin. <l> sec 0, 

z= c tan ; 

and find the equations of the generating lines through that 
point, 

21. Shew that if the two generating lines at any point of 
the surface 

a* c' . 

be at right angles respectively to those of opposite systems 
through a second point, the two points are either in a plane 
through the axis of z or equally distant from the plane of ooy, 

22. If two planes be drawn passing respectively through 
two generating lines of the same system at the extremities of * 
the major axis of the principal elliptic section of a hyperboloid 
of one sheet and intersecting in any third generating line, the 
traces of these planes on either of two fixed planes will be at 
right angles. 

23. If a=0, ^=0, 7=0, S=0 be the equations of the four 
faces of a tetrahedron expressed as in Art. 26, the equation 
of a hyperboloid of one sheet passing through two opposite 
edges is 

Fal3 + QyS + MB2 + S/3y^0, 
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69. It will be useful to commence the chapter with the 
following definitions. 

1. The centre of a surface is a point such that all chords 
passing through it are bisected by it, 

2. The locus of the middle points of a system of parallel 
chords of a surface is called the diametral surface of the 
system, 

"We shall shew that if the original surface be a quadric, 
the diametral surface of any system of parallel chords is a 
plane. In this case we shall require the following definition. 

3. A principal plane of a quadric is a plane perpen- 
dicular to the chords which it bisects. 

We shall shew hereafter that such a plane can always be 
found. 

70. If a quadric have a centre and be referred to a 
system of axes with the centre as originy the equation mil not 
contain any terms of the first degree. 

For the general equation of the second degree is 

Aa?+ Bf+G2^ + 2A'yz + 2Ezx + 2Cxy 

+ 2^"a? + 2jB"2/ + 2(7"^ + i^=0 (1). 

Then if a?i, y^, z^ be the co-ordinates of any point on the 
surface, —x^, —yi* ^^i niust also satisfy the equation (1), 
since the origin is the centre. Hence we have 

A.G. Q 
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+ 2A"x,+ 2^'2/,+ 2C\+F= 0, 
Ax;'+By^'+Cz,'+ 2A'y^z^+ 2B\x,+ 2G'x^y, 

- 2^X- 2^'Vi- ZC^X^ ^= 0. 
Subtracting we obtain 

4(^X+^"yi+c^X)=o (2). 

This equation must be satisfied for all values of x^,y^, z^ 
consistent with (1). But unless A'' = 0, ^' = 0, C = 0, equa- 
tion (2) can only be satisfied by the co-ordinates of points 
lying in the plane 

A^'x + B^'y-^-C^z^O, 
Consequently we must have 

or the equation (1) does not involve the first powers of 
X, y, z. 

Conversely, if the equation of a quadric do not involve 
the first powers of x, y, z, the origin is the centre of the sur- 
face. Moreover, if the equation can be put in the form 

Aaf + By'-j'Cz'^^F (3), 

the axes being rectangular, the co-ordinate planes will be 
principal planes. For i£ x^, y^^ z^ satisfy the equation (3), so 
do — x^, y^, z^. Hence the plane of yz bisects all ordinates 
parallel to the axis of x, and similarly for the other co- 
ordinate planes. 

Conversely, if each co-ordinate plane bisect all chords 
parallel to the corresponding axis the equation must assume 
the above form. 

71. To find the locus of the middle points of a system of 
parallel chords drawn in an ellipsoid. 

Let the equation of the ellipsoid be 

^^44=' ••(^>' 



or 
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and let the equations of any one of the system of parallel 
chords be 

x — OL y — z — y .«, 

— r =^— ^ = — r=^ (2), 

where I, m, n are direction-cosines. 

To find the points where (2) meets (1) we have 

(g + Zr)' {0 + mry {y + nrY _ 
a^ "^ 6^ "^ c' "■ ' 

This equation gives two values of r which are the distances 
from the point (a, ^, 7) of the two points where the straight line 
(2) cuts the ellipsoid. If (a, /8, 7) be the middle point of the 
chord these two values must be equal, and opposite in sign; the 
coefficient of r in the equation (3) must therefore vanish, or 

a' 6* c 
Hence (a, fi, y) always lies in the plane 

^f + ^ + '^f^O (4). 

or 0* c ^ ^ 

which is therefore the equation of the locus of the middle 
points of the system of chords. 

72. If ^1, y^, z^ be the co-ordinates of the point in which 

OR 11 Z 

the line y = ^ = - meets the ellipsoid, that is, the co-ordi- 

nates of the extremity of the diameter drawn parallel to the 
system of parallel chords, we have 

^ = ^1 = ?! 

I m n' 
and the equation (4) of the last article may be written 

^+M + M=o ^XV 

. a 6 C 
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Also if X J y^y z^ be the co-ordinates of any point in the 
curve in which tnis plane cuts the ellipsoid, we have 

a c 

which shews that the point (ajj, y^, z^ lies in the plane 
which bisects all chords parallel to the diameter through 

The planes which bisect chords parallel to the two diame- 
ters through (a?j, y,, z^, {x^, y^, z^) will intersect in a straight 
line. Let the co-ordinates of the point where this line meets 
the ellipsoid be a?,, y^, z^. Then since {x^, y^, z^) lies in the 
plane which bisects cnords parallel to the diameter through 

K' Vi* ^i) w® ^^^® 



d' 



and since it lies in the plane which bisects chords parallel to 
the diameter through (a?^, y^y z^, we have 



a 



2 



b c 



These last equations shew that (x^, y^, ^,), {x^, y^, z^) both 
lie in the plane which bisects all chords parallel to the diame- 
ter through (a?3, y^, z^. 

Hence the three diameters have this property, that the 
plane through any two of them bisects chords parallel to the 
third. 

The three diameters are called conjugate diameters. 

73. The equation of the ellipsoid when referred to a sys- 
tem of three conjugate diameters as axes assvmes the form 

X* y* z* - 
a"-* + V* ^ c''* ' 

where a', b', c' are the lengths of the conjugate semi-diameters. 

For the equation must be of the second degree by Art. 48, 
and since each co-ordinate plane bisects chords parallel to 
the corresponding axis, by Art. 70 the equation must assume 
the form 



DIAMETRAL PLANES. 



85 



When the axis of x meets the surface we have 

F 
A' 



and therefore 



a'" = - 



Similarly 



6" = :^ 
B' 



0" = 



F 



And the equation becomes 



a 6 c 

74. The co-ordinates of the extremities of three conju- 
gate diameters are connected by the relations 






a 



a 



2 



6- c 

s « s 



8 I 5^ I 18_ 
^2 • A2 « ^2 






-1 = 



-1 = 



-1 = 



(1). 



xjc. 



'~»+%r'+^ = o 



a 

^» + » + 



ZJS. 



6* 



25^ = 
c 



^, + J, + . u 






(2). 



Squaring all these equations, and adding twice the squares 
of the second three to the squares of the first three, we get 
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Expanding, and rearranging the terms we get 

\oc be be J \ca ca ca/ \(w ab ab J 
Whence (c^-^x^-{-x^ = a*] 

y."+2/.' + 2/; = 6' (3), 

^i^i + ^j^2+^i^8=o> (4)- 

This transformation can be easily seen to be equivalent to 

that effected in Ai-t. 44, using — * for Z^, and so on. And the 

method of that article may be employed to deduce (3) and 
(4) from (1) and (2). 

Similar relations exist between the direction-cosines of 

« 

the normals to the three planes, each of which bisects chords 
parallel to the intersection of the other two. For if l^, m,, 7i, 
be the direction-cosines of the normal to the plane bisecting 
chords parallel to the line 



X 


_y_ 


z 


<^1 


Vi 


«t 


L 


OT,_ 




a" 


6" 





we have 



^, ^ S\ "" fi ' 
* a b c 

and similar relations for l^, m„ n^. Whence equations (2) 
easily give 

a\l^ + b^m^m^ + c?n^n^=- ► (5), 
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and obviously also 

?,' + < + < = ! I (6). 

75. From equations (3) of the last article we obtain by- 
addition 

a'» + 6'« + c'* = a« + 6« + c« (1), 

where a\ h\ c' are the lengths of the conjugate semi-diameters. 

Let X, /Lt, V be the angles between (i', c'), (c\ a') and 
[a\ 6'), respectively. 

Then since the direction-cosines of a' referred to the prin- 
cipal axes of the ellipsoid are -7 , ^ , -* , and similarly for 
those of Vy c\ we have, by Art. (8), 

sin A — r7a->2 > 

.-. t^c" sin« \ - (y^3 - y^J« -l- (^^a;, - z^x^)^ -i- (a^^^g - x^^\ 

But we have ?i.??-f|i.^ + ^.^« = 0, 

a a c c 

a a b c c 

^ • Ui £1 

a 6 c 



6c ca a6 



s s 2 

a' ^ 6' ^ c" 



/ / y.^.-y.^a y I / ^2«'.-^A y I / «^«y.-^.y. y 



s s 2 



by equations (1) and (2) of the last article. 
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Hence 6'V' sin* \ = SV ^ + c'a' ^\- + a'i» ^ . 

a c 

SimUarly c'*a''smV = 6V^{ + cV^Va*S*^\ 

a'*6'*sin% = 6V%VcV%Va'6*^'. 

a* 6* c' 

Adding, we get 
(6Vsm\7 + (cVsin/:i)' + (a'6'sini/)*=:6V + c*aVa'6'...(2). 

Again, if p be the perpendicular from the point {(v^,y^, ^g) 
on the plane which contains a' and b\ whose equation is 

^5 + ^ + ^-0 



9 S 9 

/t2 "^ ^2' ^ /»a 

we have |) = 



v&^'f-'f) 



1 



Hence squaring and multipljdng by the value previously 
obtained for a V* sin^i/ we get 

;)V*6'»sin% = a*6V (3). 

But a'5' sin v is the area of the parallelogram whose edges 
are a' and b\ and pa'V sin i/ is the volume of the parallel- 
epiped whose base is this parallelogram and whose altitude is 
p, that is, the volume of the parallelepiped whose three edges 
are a\ b\ c. 

By Art. 14 this volume can be expressed in the form 

a'6V J I — cos^ \ — cos* fju — cos* v + 2 cos X cos fi cos i/. 

Hence this expression is equal to abc, 

76. Another method of obtaining these relations is 
afforded by the consideration that the expression 
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is transformed by taking three conjugate diameters as axes to 
the expression 

0? if ^ 

-7g + ~g+-7j+i(a:!* + y' + 2:' + ^yz cos \ + "Izx cos /a+ ^xy cos i'). 

Consequently, if for any value of h the first expression split 
up into two linear factors, the second expression will do so 
likewise for the same value of h. 

By Art. 49 the requisite values of Ic for the two expres- 
sions are given respectively by the equations 



(^4)(^-^^')(^+?)=«' 



and 

— F cos* X r A; + -7j j — A;" cos' AtfA? + 77a] — Ai* cos* v\h-\--^ 

4- 2^' cos \ cos fjL cos v = 0, 

which when cleared of fractions and expanded become re- 
spectively, 

a*6V^«-^-(a*6«^-6V + c*a*)^*-h(a* + 6* + c*)^^-l = 0, 

and 

a'*6'*c'" (1 — cos' \ — cos' fi — cos' p + 2cos\ cos fi cos i/) k^ 

+ (fc^'c" sin' \ + c'^a"^ sin' /^ -h a"6" sin' z/) A:* 

And since these equations are identical we get the rela- 
tions (1), (2) and (3). 

They can also be obtained geometrically by a series of 
transformations; or by finding the values of the maximum 
radius vector of the surface when referred to three conjugate 
diameters as axes. The result will be a cubic equation in r*, 
and the three values of r' will be a', 6', c'; whence the 
values of 

a'6'c', a'6' + c'a'+6'c', d' + b' + d' 

are known in terms of a', b\ c\ 



90 DIAMETRAL PLANES. 

The formulae obtained in Arts. 71 — 76 hold for the other 
central surfaces if the proper changes be made in the signs 
of a*, b^ and c'. 

77. The equation of the plane which bisects all chords 
of the ellipsoid parallel to the line 

^=^=t (1) 

a'l yi ^. 
is aj.5+y.p + z.^ = (2). 

Conversely the chords which are bisected by the plane 

lx+my-\-nz = (3) 

are parallel to the line 

X V z 

— ^JL.^Z- ,,^ (4) 

The line (4) is said to be conjugate to the plane (3). 

By Art. 72 every system of chords parallel to any line 
which lies in the plane (3) is bisected by some plane passing 
through (4). 

Hence the plane passing through the origin which bisects 
any system of parallel chords of the section of the ellipsoid 
by a plane 

ic + my + w-2r— 1) = (5) 

parallel to (3), must contain the straight line (4). Whence 
it easily follows that the point where (4) meets (5) is the 
centre of the section of the ellipsoid made by (5). The co- 
ordinates of this centre are therefore given by 

aj_y_^__ te + my + nz p . . 

78. The co-ordinates of the centre of the section of the 
ellipsoid 

^+^+^=1 (1) 

by the plane lx + iny + nz = p (2) 

can also be obtained in the following manner. 
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Let a, )8, 7 be the co-ordinates required, and let 

"IZ^^VlL^^^JZl^r (3) 

be the equations of any straight line drawn in the plane (2) 
to meet the ellipsoid, r being the length of the radius vector. 
Then if x, y, z be the co-ordinates of the point where (3) 
meets (1), we have from (3) 

and therefore from (1) by substitution 

But if a, ^, 7 be the co-ordinates of the centre of the 
section of (1) by (2), the two values of r given by (4) must 
be equal in magnitude and of opposite sign for all straight 
lines lying in (1) ; that is, we must have 

^^w^'^-^ ^^^ 

for all values of \, fi, v consistent with the equation 

\l + fim + 1/71 = (6),. 

which is the condition that (3) may lie in (2). 

Hence the equations (5) and (6) must be identical, or we 
have 

and as in the last article each of these fractions 

P 
■"a^Z' + JW + cV 

79. The equation (4) of the last article, when the values 
of a, fi, 7 are substituted in it, becomes 



,«\ /V.8 



^ _j_ r , M — 1 P 



r* •-. + ?T + -J = 1- 



Comparing this with equation (4) of Art. 68 we see that 
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if r^ be the central radius vector which is parallel to r, we 
have 

^ ^ \ a'P + b'm' + c'nV'- 

Consequently, since the areas of similar figures are pro- 
portional to the squares of any corresponding lines in the 
figures, HA be the area of the section of (1) by (2), and A^ 
the area of the parallel central section, 






TTi 



aic 



VaT + bW + d'n' 



[ a'P + bW + c'n^y 



80. The result of the last article can also be obtained in 
the following manner. 

Let a, /8, 7 be the co-ordinates of the centre of the sec- 
tion. Then the equation 

fc-)Vfc^+(£^'=;i. (,) 

a b c 

represents an ellipsoid whose centre is at (a, ^, 7), and whose 
semi-axes are ka, kb, kc. 

At the points where this cuts the given ellipsoid we have 
by subtraction 



^m^^:^=i^S^i^i.p, 



2ax 



Or, putting for a, /8, 7 their values from equation (6) of 
Art. 77, 



, + l«^ 



^ ^ ^ p [a^lr-{-bW + cn 

and if this equation be identical with 

lx + my + nz=p (2), 

the sections of the two ellipsoids by this latter plane will 
coincide. 
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The condition for this is 

A ""* KT = OM \ To c 



But the area of the section of (1) by the plane (2) which 
passes through its centre; by Art. (68) 

wi?abc irahclf 

irabc f- jp^ 

" VaT + ftWTcV 1 aT + iW + cVJ' 
which is therefore the area required. 

81. It can be shewn by an investigation similar to that 
in Art. 71, that the locus of the middle points of a system 
of parallel choi-ds of the surface 

whose direction-cosines are 7, m, n, is 

2Bmy + 2(7/10 = I 

Also the equation of the surface, when two diametral 
planes and a plane through the point where their line of 
intersection cuts the surface, parallel to the two systems of 
chords bisected by them, are taken as planes of zx, xy and yz 
respectively, will assume the form 

Inhere jB' and G have the same or opposite signs according 
as B and C have. 

We shall however at once proceed to the more general 
problem. 

82. To Jmd the locus of the middle points of a system of 
parallel chords in any quadric. 

Let the equation of the surface be 

Aa?-\-B'!f-\-G£'-\'2A'y2-^2Bzx + 2,Oxy 

+ 2A"x+2B"y + 2a'z + F=0 (1), 

which we will denote by F(x, t/, z) = 0. 



or 
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And let -^— =''^ — - = ^=r (2). 

.6 m n ' ^ 

be the equations of any one of the system of parallel chords. 

To find the points where (2) meets (1) we must substitute 
a + ir, /8 + mr, y+nr for x, y, z in (1), We thus get 

jP (a + Zr, /8 + mr, 7 + wr) = 0, 
i^(«.A7) + {?S+-g'+«f}r+P^ = 0....(3). 

where ~j~ > 'To^ 'T~ ^^ ^^ partial differential coeflScients 

.of F (a, ^, 7) with respect to a, )8, 7 respectively and P is 
some function of Z, m, w. 

The equation (3) gives two values of r, which are the 
distances from (a, ^, 7) of the two points where the line (2) 
cuts the surface (1). If (a, /8, 7) be the middle point of the 
chord these two values must be equal and opposite in sign, 
and the coejBEicient of r in the above quadratic must vanish ; 

,dF ^ dF^ dF ^ 

1 -I 1% dF dF i dF 1 

or writing out the values 01 -p, -^ and -y- , and reaiTang- 

ing, 

a{Al+Crm + Fn)+fi((7l+Bm + An)+y{Rl + A'm + Cn) 

which shews that the locus required is a plane. 

83. The diametral plane will not in general be perpen- 
dicular to the chords which it bisects. There are however 
certain directions of the chords for which this is the case. 
Let us suppose Z, m, n to be the direction-cosines of any chord 
of the system. 

The equation of the diametral plane is therefore by the 
last article, 

x{Al-hCm + Bn)-¥y{C'l^'Bm-hA'n)-^z{Fl^A'm+Cn) 



I 
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If this plane l>e perpendicular to the system of chords we 
must have, by Art 23, . 

Al-^Cm + Fn C'l + Bm + A'n m+A'm + Cn 



I 



m 



n 



Let each of these fractions be put equal to some quantity 
8, We have then 



{A-8)l'\'Gm + Fn^0' 
Cl+(B''8)m+An = 
Bl+A'm+{C-'8)n^0^ 

Whence eliminating I, m, n, we get 

(^-*), (7, £' 
C, {B^8), A' 
B, A\ (C-^s) 



(1). 



= 0, 



or {A-'8){B'-8){C-8)-A''(A-'8)''B"(B^8)-'Cr{G-'8) 

+ 2^'jB'(7 = (2). 

This cubic equation will certainly give one real value of 8, 
and the corresponding values of I, m, n are known from any 
two of the three equations (1). From the second and third 
we get 

m _ n 

A'V-C{C-8) " ~A'Cr^B~(B^8) ' 

0Tm{A'C^B{B-8)}=-n{A'ff-Cr(G-8)} 

=-l{BC^A'{A--8)} (3), 

by symmetry. 

And when the vsllue of 8 is known, equations (3) give the 
corresponding values of i, m, n. 

In Todhunter's Theory of Equations^ Art. 176, it is shewn 
that all three roots of the cubic are real. 

The equation (2) is frequently called the discriminating 
cubic of the quadric (1). 
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EXAMPLES. CHAPTER VI. 

1. If A^, A^ A^ be the areas of the sectiotis of the 
ellipsoid 



"^ + 1 + ^-1 

_8 T" L« 1" ^ — -^^ 



made by planes perpendicular to any three generators of the 
cone 

and if p , jp,, p^ be the perpendiculars on the planes from the 
origin, then 

A ip^ - p.*) + A (p: -pr) + A (p' -p^) = 0. 

2. Find the locus of the centres of sections of an ellip- 
soid, the areas of which are always in a constant ratio to the 
areas of the parallel central sections. 

3. OL, OM, ON are conjugate semi-diameters of an 
ellipsoid; x^, y^, «j the co-ordinates of L; x^y y^, z^ and 
x^y 2/3, z^ those of M and N respectively. Prove that the 
equation of the plane LMN is 

^2K + ^2+^8)+f2(yi+ya+y8) + 5(^i+«9+«8) = i- 

4. Find the area of the section of the ellipsoid by the 
plane LMN in the last example. 

5. Oi, OMy ON are conjugate semi-diameters of an ellip- 
soid; a perpendicular is drawn from on the plane LMN 
meeting it at Q\ and a diametral plane is drawn parallel 
to the plane LMN Shew that the cone which has its vertex' 
at Q and for its base the section of the ellipsoid by the 
diametral plane, is of constant volume. 

6. Find the locus of the directrices of all sections of an 
ellipsoid made by planes passing through the least axis. 

7. Shew that a straight line parallel to the least axis of 
an ellipsoid will be the directrix of two plane sections of the 
ellipsoid, provided the straight line be situated between two 
definite cylindrical surfaces. 
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8. Find the locus of the centres of sections of an eUipsoid 
made by planes at a constant distance from the origin. 

9. K A, B, C he the areas of any three conjugate dia- 
metral sections of an ellipsoid ; X, Y^ Z those of the sections 
made by planes respectively parallel to them and intersecting 
in a point on the surface, prove that 

A^ B^ a '^' 

10. Any generating line of the cone 

Pa^+ Qy* + Bz*=^0 

being taken, a plane is drawn diametral to it with respect to 
the surface 

Aa^ + By^ + Cz' = l. 

Shew that the principal axes of the sections of the latter 
surface by such planes all lie on the surface 

11. Find the co-ordinates of the centre of the section of 
the surface 

By'JtCz'^x 
made by the plane Ix + my-\-nz=p. 

Find the locus of the centres of all sections made by 
planes passing through a fixed point. 

12. If in question 3, the point L remain fixed, shew 
that the perpendicular from the origin on the plane LMN 
describes the cone 

oV + 6y 4- (?z^ = 3 {xx^ 4- yy^ + «2?J'. 

13. If the plane Ix + my + nz =p cut the surface 

a 6' c 
in a parabola, pioye that 



CHAPTER VII. 

THE GENERAL EQUATION OF THE SECOND DEGREE. 

84, The general equation of the second degree can be 
written 

+ 2A''x + 2B'y + 2O''z + F^0 (1), 

which we will denote by F(x, y, z) = 0. 

The object of the present chapter is to examine the 
nature of the different surfaces represented by (1), and the 
conditions that it may represent any particidar kind of sur- 
face. 

We shall first examine whether the locus represented by 
(1) has a centre. 

If it has a centre and this point be taken for origin we 
know, by Art. (70), that the terms of the first degree must 
disappear. 

Assume a, )8, 7 as the co-ordinates of the centre. The 
equation when the origin is transferred to this point is ob- 
tained by substituting in (1) x +a, y ^fi, z' + y ior a,y, z, 
respectively (Art. 43), and is therefore 

F{x+a, y' + fi, z' + i)=0, 

which can be written 

T7 / r» \ / dF , dF f dF ^ 
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the remaining terms being of the second order in a!, y', z\ 
and "j" > 32 1 -j~ having the same meaning as in Art. 82. 

If the coefficients of x', yf, / vanish, we have 

^=0 — = — = 
da ' d/3 "' d-i ' 

or writing them out at Ipngth, 

A<t+CP-\-F'i + A"^Qf\ 

Ca + Bp + A'ri + B'^Qi) (2). 

BcL +A'P+ Cy + C'^ Oj 

These equations dettei^iuiii^ a, /S, 7. We get from them 



A" 


C B 


B" 


B A' 


C" 


A' 


C 


A 


C 


B 


C 


B 


A' 


R A' 


C 



_ A" {A'^^Ba)'\'B\CG'^A'F)^C'{BF^C'A') 
ABC+2A'RG'^AA'*-'BB*-CG"' 



y (3). 



"^^^^^^y P - ABC-\-2A'B 0'-AA'^'-'BB^--GG'^ 

_ A" (BB'-'G'A')+B'\AA'-BG')+C' (G'^-AB) 
'^ ABG'^^A'EC'-AA^-BE^-GG''' 

We can therefore always obtain finite values of a, /8, y except 
when 

ABG + 2A'FC - AA'^ ^BB^- GG^ = 0, 

in which case the surface has not a centre unless the nume- 
rators of the above three fractions vanish, when the values 
of a, /8, 7 become indeterminate ; the reason of such inde- 
terminateness being that the three equations (2) are not all 
independent. (Todhunter s Algebra, Arts. 214, 215.) 

If the denominator do not vanish the surface has a centre 
whose co-ordinates are given by (3). 

It may be noticed that the equations (2) are the con- 
ditions that the point (a, ^, 7) shall lie in the diametral "^laaaa 
to all systems of chords. (Ait, 82.) 
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85. We see from the last article that it is not always 

• possible to get rid of the teim? involving a?, y, z. We shall 

now shew that it is always possible to simplify the equation 

by transformation so as to get rid of the terms involving yz, 

zx and xy. 

By Art. 83 we know that there is at least one system of 
parallel chords which is perpendicular to its diametral plane. 

Let a straight line parallel to these chords be taken as the 
axis of z and let the transformed equation be 

Px^ + Qy^ + i2«* + 2P> + 2^^a?+ ^Ray 

The direction-cosines of the chords which are perpen- 
dicular to their diametral plane are given by the equations 

Rl+Qm+Tn^sm, 

But since these chords are parallel to the axis of z, these 
equations must be satisfied by 

Z= 0, m= 0, n = l. 

Whence we get ^ = 0, P' = ; and the equation of the 
surface is 

Px^ + Qy^ + Bz^ + 2Rxy + 2F'x + 2Q' y + 2R'z + P = 0. 

Turning the axes of x and y in their own plane through 
an angle 6 given by the equation 

2Bf 
tan 25 = p — -^ (Todhunter s Conic Sections, Art. 271), 

the term involving xy disappears, and the equation assumes 
the form 

Px' + Qy' + Bz' + 2P''x + 2Q^'y + 2R'z + F=0. 

The equations which determine the directions of the 

principal diametral planes are now satisfied by Z = 1, wi = 0, 

71=0, or by Z=0, ?n=l, w=0. Consequently each of the axes 

of x and y as well as that of z is parallel to one of the three 

J/nes determined by equations (1) of Art. 83. 
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We thus have aa independent proof that these three 
directions are all real and at right angles to each other. 

86. We have now shewn that by a proper choice of 
axes the terms involving yz, zx and xy can be made to 
disappear. It remains to explain how the coefficients of 
the diflferent terms in the resulting equation can be de- 
termined. 

Let Zj, Wj, n^; Z,, m,, n,; Z,, m,, n, be the direction- 
cosines of the new axes. These values all satisfy the equa- 
tions (1) of Art. 83. Let «j, 5^, «, be the corresponding 
values of 8. 

By Art. 44 the required transformation will be eflfected 
by substituting for a?, y, z the expressions 

l^x'-^ljlf '\-l/y m^x -^ mjf' + m^z\ n^x' + n^y' -^r %z\ 

respectively. If therefore the original equation be 

Aa?-\-By''\'G£' + 2A'yz + 2B'zx + 20' xy 

+ 2^"aj + 25"y -f 20" z + i?' = 0, 
the coefficient of a?'* in the result will be 

But from Art. 83 we have 

C\+ Bm^ +A'n^ =8^m^^ 

Multiplying these equations by Z^, m^, n^, respectively, 
and adding, we get 

Al^ + Bm^ + Gn^ + 2A'm^n^ + 2EnJ,^ -f 2 G\m^ = «,. 

Hence P the coefficient of x^ is s^. Similarly 0=^2» 
R^8^ or P, Qf B are the three roots of the discriminating 
cubic. 

It follows from this that the coefficients of the discrimi- 
nating cubic remain unaltered in value however the axes 
may be turned aboufc the origin. 
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The results of this article have been already obtained by 
a different method in Art. 51. 

87. It is easy to verify that the coefficients of yV, z*x 
and xy disappear; since \, m^f n^ ; Z,, m,, n,; l^, m^, w, are 
the direction-cosines of lines such that any one is parallel to 
each of the planes which bisect chords parallel to either 
of the others, and thus Z^, m^, n^, l^, m^, n^, satisfy the 
relation 

and the expression on the left-hand side of this equation is 
the coefficient of S'j/ in the transformed equation. 



t • 



The coefficients of x, y and z in {he transformed equa- 
tion will be 

2 {A'\ + F'm^ + C'\)\ i (^'7, + F'm, + C'n^ 

and 2{A\-\-E'm, + G''n^, 

respectively, ana the constant term remains unchanged. 

88. The equation when transformed to 

Pof + Qy" + Rz^ + 2P"a? + 2Q"y + 2JS"« + i^= 
can be farther simpUfied by a change of origin. 

Suppose first that none of the .quanfti,ti& P, Q, R vanish, 
that is, that none of the roots of the discriminating cubic 
vanish, which will be the case if the constant term of the 
cubic, or ^ . 

ABC + 2A'BC' - AA"^ - BE^ - CC'\ 

be diflTerent from zero. 

In this case the equation can be written 

P"* Q" jB'» „ _, 



fr\% 
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and transferring the origin to the point whose co-ordi- 
nates are 

\ P' Q' RJ' 
this becomes 

Pa^ + Qy' + Bz'^F. 

This represents an ellipsoid, a hyperboloid of one or two 
sheets, or an impossible locus, respectively, according as the 

jntt Tpf ipf 

quantities ^ > 75 > ~d ^® ^ positive, two positive and one 

negative, one positive and two negative, or all negative. 

Thus unless 

ABC + 2A'Ba' - AA'^ -^BB^^ CC'^ 

vanish, the surface has a centre and is one of the surfaces 
whose equations we have already investigated. 

Now if we had first changed the origin to be the centre, 
we should have got rid of the terms of the first degree, and 
the equation would have been 

Aa'+By* + Cz^ + 2A'yz + 2B'zx+2G'x7/^r (1), 

which by turning round the axes would become 

Pa^+Q!/' + Jtz'=^F\ 

and consequently, if F' be positive the surface (1) will re- 
present an ellipsoid, a hyperboloid of one or two sheets, 
or an impossible locus according as the roots of the dis- 
criminating cubic are all positive, two positive and one 
negative, one positive and two negative, or all negative. 
If J?" be negative the order of the statement must be 
reversed. 

89. If F vanish the surface is a cone. Now returning 
to Art. 84 we see that F = — jP(a, fi, 7), where a, ^8, 7 are 
determined from the equations 

A% + C'fi + Bj + A''^0 

C'a+ Bl3+A'y+B'^0} (2). 

Fa+A'jS+Cy + C'^Q 
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Multiplying the first of these by a, the second by 0, the 
third by 7 and adding, we get 

Acf+B0'+ Cy^ + 2A'fiy + 2ffy% + iO'd^ 

+ ^"a + 5")9 + (7"7 = 0. 
But 

Aof + B^^ + 07« + 2^'/37 + 25 7a + 2(7 a/3 

+ 2^"a + 25"y3 + 2(7"7 + i^=^(a,A7) = -i^. 
Subtracting the first of these from the second, we get 

^F^A'a + E'^-^-Cy + F. 
Hence if the surface be a cone 

And eliminating a, )S, 7 between this equation and the 
three equations (2), we get as the condition that the surface 
represents a cone 

A C B' A" 
C B A' 5" 
F A' G C" 

Jff ^, QM p 



= 0. 



90. Suppose, secondly, that one of the quantities P, Q, R 
vanishes, as P. From this it follows that the constant term 
of the cubic in 8 must vanish, or 

ABO+ 2A'BC' - AA'^ - BB^ - GC'^ = 0,. 

which we saw in Art. 84 indicated that there was not a defi- 
nite centre. 

The equation becomes 

^y» + -B^" + 2P"^ + 2^'y + 2iJ"5 + P=0, 

and by changing the origin we can get rid of the terms 
in y and z, and the constant term; the equation thus 
becomes 

^/ + i2«' + 2P"a?=0, 

which represents an elliptic or hyperbolic, paraboloid ac- 
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cording as Q and R have the same or opposite signs, or 
according as 

BG+CA + AB^A'^-B^^C'\ 

which is the coefficient of 8 in the cubic, and therefore 
equal to the product of the two finite roots, is positive or 
negative. 

91. Thirdly, let two of the quantities P, Q, R vanish, 
which necessitates the two conditions, 

ABC + 2AS0' - AA^ - BB^ - CC'^ = 0, 

BC+CA^AB-A^^B^^O'^^Q. 

The equation now becomes 

R^ + 2P"« + 2 <^'y + 2R"z + F= 0. 

And by changing the origin, the term involving z and the 
constant tenn may be removed, and we get 

By tur^ii^g the axes of x and y round in their own plane, 
the equation can be reduced to Ihe form' 

iJ^ + 2P'"a? = 0/ 

which represents a parabolic cylinder whose generating lines 
are parallel to the axis of y. 

The twQ coj^iditions 

4BG+ 2ABp' - AA^ ^BB^- CC'-^ = 0, 

5(7+(7il + ^5-^'^-5'«-(7'^ = 0, 

can be replaced by simpler ones. For the first equation is 
equivalent to ^either of the forms 

{GA - B'T) (AB - G'') = (B'G' - AAy, 
(AB^G'^){BC^A?) = {G'A-- BB^y, 
{BG - A') {GA - B'^) = (Aff ^ CCJ, 

whence it follows that the three quantities AB — (7*, CA—E^, 
BC^A^ have all the same sign, and therefore if their sum 
vanishes they must vanish separately, and we must have 

BG-A^^O, GA-F'^0, AB-C'*=Q. 



106 THE GENERAL EQUATION 

We must also have 

but these are included in the former. 

92. If only one of the quantities P, Q, R, as P, vanish, 
and P" also vanish, the equation becomes 

e2^» + 2Z^ + 2e"y + 2JS"^ + i^=0, 

which can be reduced to the fortn 

Qf + Rz^'-^F^O, 

and thereforef represents an elliptic or hyperbolic cylinder ac- 
cording as Q and E have the same or opposite signs, that is, 
accordmg as 

BG - ^'« + 04 - 5'» + AB -'(?'» 

is positive or negative.' 

.--I •• . . 

If Q, R and F' have all the sarnie sign the locus is an 

impossible one. 

The condition that P^' may vanish is, tnat 

a\ + P"m, + C'\ 

should vanish, where i,, m^, n^ are the values of I, m, n de- 
rived from equations (1) of Art. 83 by putting 5 = 0. But 
these values are proportional to 

1 ]_ 1 

ffC'-AA" C'A' - BB ' A'B ^ CC * 

I. 

so that we get 

A" ^ ff' . & 

7 + ni At ddT + JtlTV TT/i/ = "• 



BC- A A' ^ C'A' - BB' ^ A'B - CG 

This condition may be obtained iii another form from the 
consideration that the equations 



A\ + F'm,+ C'[n,^0 
Al^ + &m^ + Fn^ = 
C\ + Bm^ + A'n^ = 
JB7, + A'm^ + Cn^ = ' 



(1) 
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lust be all satisfied by the same values of l^,m^,n^, and the 
squisite conditions that this may be the case are 

ABC+ 2,A'BC' - AA*^ - BB^ - CO" = 0, 
nited with any one of the set, 

A" (CC - A'B) + B\B'^ - CA) + &' {A A' - B&) - o, 
A'' {A'^ - BC) + B'\GC' - A'F) + G" {BB - CA') ^ 0, 
A" (BB - CA') + B' {A A' - B C) +' G" (0'» - AB) - 0. 

The equations (IJ are evidently the conditions that the 
hree equations (2) of Art. 84 should not be independent, and 
onsequently there is a line of centres. 

93. If two of the roots of the c^scriminating cubic as P 
nd Q vanish, and P", (^ also vanish, the locus reduces to 

Bz^+ 2B'z + F= 0, 

rhich represents two parallel pla(hes; The conditions for the 
wo roots vanishing are 

BG^A''=^0\ C^-.5'*=0, AB^Cf" = (f. (2), 

nd l^, TOj, n^ are only restncted by the equatioa 

Al^+C'm^ + B'n^ = (3), 

rith which the other two equations in (1) Art. 83 become 
ientical. 

If we have also A"L +B'm^ + G'\ = 0", for all values of 
,, Wj, Wj consistent witn (3) we must have 

A" _B^_G" 

^ ,^, A'' B' G" 

r from (2) --^ = -7^=-=. 

^ ^ JA ^B JC 

94. On the wnole then we have the following results. 

I. If ABG + 2A'BG' - AA'' - BB^ - GG' be not zero, 
lie equation represents an ellipsoid, a hyperboloid, or an 
npossible locus, with the cone as a variety of the hyper- 
oloids. 
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II. If ABC + 2ABC' ^AA^^ BB^ - CC^ vanishes, 
the equation in general represents an elliptic or hyperbolic 
paraboloid according as 

BG^CAa-AB^A'^^B^-C* 

is positive or negative ; which may degenerate into aa 
oUiptic or hyperbolic cylinder, with an impossible locus, a 
straight line or two intersecting planes, as particular cases. 

III. If BG^A'\ CA-B^ AB^C'\al\ vanish, Ae 
equation represents a parabolic cylinder which may degene- 
rate into two parallel or coincident planes. 

The conditions that the equation nxay represent a surface 
of revolution may be obtained from the consideration that 
two roots of the cufeic in s are equal. This is discussed in 
Todhunter's Theory of Equations, A|t. l79, to which the 
reader is referred. 

The reduction of the equatiQ^ in tibie particular case 
when 

ABC + 2A'BC'^AA'*-'BB!-r-CC'* = 

may be effected by writi^ng it in the forcji 

{Ax+ Cy+B'zy+(AB- G"yf+2{AA''rB'G')yz 

+ ( GA -5'«) z' + A {%A:'x + 2B'y + 2C"z + F)^0, 

AA^BC' GA^Bf 

or puttmg ^5^ a'- =i> = AAT^TBG' ' 

{Ax + Cy + BzY + {AB - G") (y + pz^ 

+ A {2A"x + 2B'y + 2 C'z + F) = 0. 

And if we take as co-ordinate planes the planes 

Ax + Cy + B'z = 0, 
y+pz = 0, 
2A'x + 2By + 2G"z + J' ^ 0, 
this equation wiU in general assume the form 

which represents one of the paraboloids. The axes are not 
however rectangular. The exceptional cases can be deduced 
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from the consideration that the reduction fails when any 
two of the three planes are parallel, or when one of them 
is parallel to the intersection of the other two. 

We shall conclude this chapter with the foUowing general 
proposition. 

95. If two surfaces of the second degree intersect in one 
plane curve, ail their other points of intersection lie in another 
plane curve. 

For let 8=0 and £^=0 be the equations of the two 
surfaces, and Ix+my + nz—p^O, or a=0, the equation of 
the plane of intersection. Then the curve in which a = 
cuts the surface 8=0 coincides with the curve in which it 
cuts the surface 8' = 0. So that the three equations 5=0; 
S' = 0, a = are satisfied by an indefinite number of values 
of X, y and z. 

Consequently the expression 8 must be identical with 
kS' + 0/8, where A: is a constant and /8 a linear function of 

a?, y, ^• 

Hence when 8=0 and 5' = 0, we have a = or 13 = 0, 
that is, all the points of intersection lie in one of the two 
planes a = 0, ov fi = 0. 



EXAMPLES. CHAPTER VIL 

1. Investigate the nature of the surfaces, 

(1) 2a^-{-5y^ + Sz^ + 2yz"Szx-2xy'-l = 0. 

(2) a? + iy'"Z*-2yz''Zx-{'4!Xt/'\-2z = 0. 

2. Interpret the equations : 

(1 ) yz + zx + xy^x — 2y — 3z + 2'^a = 0. 

(2) oj' + 22/" - 3^ + 2yz-4izx-2xy-^3x = 0. 

(3) a?+9y'-Qxy + 2y-4iz = 0. 

(4) a?"+y'-«'-»-2yir + 2^j?-2a;t/ + 2x + 2.y-V'5Lz=^or 
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3. Shew that the two surfaces whose equations are 

(A* + i« + c»)a;'+(A« + c» + a*)y»+(A« + a» + 6')ij" 

— 2bcyz — 2cazx — 2a&ry = 1, 

and {cy — hzY + {az — cxf +(!!«? — ayY = 1, 

have their axes coincident in direction. What kind of sur- 
face are they respectively ? 

4. Discuss the surfaces obtained by giving different 
values to /A in the equation 

a?-\- 2y*+ 22;*- (2 - 2/^) yz - 22raj = c*. 

5. Find the ;^ture of the surface 

a? f £" yz zx xy Sa? 3y S^ ^^^ 
or c be ca ab a b c 
and shew that it touches the co-ordinate planes. 

6. If one of the angles between the co-ordinate axes be 
a right angle and the other two be supplementary, prove that 
the sum of the squares of the axes of the surface 

xy -{• yz •\- zx •{• d^ ^0 

is 12cZ* (Ex. 7, Chap. iv.). 

7. Shew that if two generators of a hyperboloid of one 
sheet be taken as two of the axes of co-ordinates^ the equa* 
tion is of the form 

a?'^az^lyZ'\-mzx-\-noDy. 

8. Find by the method of Art. 68 the position and mag- 
nitude of the axes of the section of the surface 

Aa? + Bf+Cz^-\-2A'yz + 2,B'zx-\-2ffxy^l 

by the plane 

Ix + my + n« = 0. 

9. Find by the method of Art. 78 the axes of the section 
of the surface 

by the plane 

lx-\-my'\'nz=^l. 

10. If the equation 

«^+ 6/+ ci^+ 2Vzx + 2c xy + 2a"x + 26"y + 2c"z + rf= 
represent a paraboloid of revolution, prove that c »» 6 ± a. If 
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the upper sign be taken, prove that the equations to the 
axis are _ _ 

cz + c"= 0, {ex + a") Ja + {cy + V) Jb = 0, 

and find the condition that the paraboloid may reduce to a 
circular cylinder. 

11. Find the equation of a surface of the second degree 
which contains two given straight lines at right angles, and 
the condition that it may be a hyperboloid of one sheet. 

Take the shortest distance between the lines as axis of z^ 
the middle point of it as origin, and the axes of a and y 
parallel to the two lines. 

12. Find the equation of the surface generated by a 
straight line which meets three straight lines which are 
mutually at right angles, but which do not intersect. 

13. Shew that the section of the surface 

Aa? + By^ + Cz^ + 2A'yz + 2Fzx + 20'anj = l, 

by the plane Ix + my + w-2^ = 0, will be a circle if 

Bn^+Crn!'- 2A'mn _ CZ'+^n'- 2B'nl ^ Am^+BP" 2Clm 
m* + w» n» + i« "■ i* + m" 

14. Shew that the axes of the surface 
Aa!'-{^By'+02^ + 2A'yz + 2B'zx + 2C'xy^l 

lie on the two cones 

C(a!'-y')-B'yz + A'zx-'{A''B)xy = 0, 
A'(f-z')^{B^C)yz^G'zx + Bxy=-0. 

15. A cone whose equation referred to its principal 
axes is 

is thrust into an elliptical hole whose equation ia 

Shew that when the cone fits the hole its vertex must lie 
on the ellipsoid 






CHAPTER VIII. 



ON TANGENT LINES AND PLANES. 



9G. The straight line joining any point P on a surface 
to another point Q on the surface, is called a chord. If the 
point Q be made to approach indefinitely near to P, the 
limiting position of the chord FQ is said to be a tangent line 
to the surface at the point P. 

In general all the tangent lines at the point P lie in a 
plane, which is called the tangent plane at P. This we will 
now prove. 

Let X, y, zhe the co-ordinates of any point P on a surface 
whose equation is 

F{x,y,z) = (1). 

And let the equations of any straight line through P be 



Lz:f = yj^2f = ?Jl£»^ (2), 



X 

I m n 



where x, y\ z' are current co-ordinates. 

To find the points where (2) meets (1) we must substitute 
x-\-lr,y + mr, z+nr for x, y, ;e: in (1); 

we thus get the equation 

F{x + lr, y + mr, ^+nr)==iO; 



ON TAKOENT UNES AKD PLANES. 113 

or Fix,y,z) + r(l-^ + m- + n-^^) 

+ 

supposing F [x, y, z) to be of the p^ degree in x^ y, z. 

This equation gives the distances from P of the diflferent 
points in which (2) cuts (1), and since (a?, y, z) is a point on 
the surface (1), F {x, y, z) vanishes and the equation (3) is 
satisfied by one value of r equal to zero. 

K i, w, w be such as to satisfy the equation 

« dF dF dF ^ . . 

^-d^+"'d^+"dj=« W' 

two values of r are zero, and the line (2) meets the surface in 
two coincident points, and is therefore a tangent line to the 
surface at fa?, y, z). Equation (4) is therefore a condition 
which must be satisfied by the direction-cosines of all tangent 
lines at the point P. 

But for all points in any such tangent line we have 

a;' — a? _ y ' — y _ / — 2r 
I m n ' 

Consequently for all points in any such tangent line we 
have 

, , . dF f f . dF f , . dF -. ,^. 

whence it foUows that all the tangent lines in general lie in 
a plane whose equation is (5). 

97. It may hsmpen that at a given point of a surface the 

three quantities -7- , -r- and ^- all vanish. 

dx ay dz 

A. Q. % 
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If this be the case, the equation (3) of the last article 
always gives two values of r equal to zero, and all lines 
through the point P meet the surface in two coincident 
points. The vertex of a cone is such a point. If we take 
\ m, n such ai3 to satisfy the condition 

+ 2mnf^+2rd^-+2lm~-^0...(l\ 
dydz dzdx' dxdy ^ ^ 

three values of r will be zero, and the straight lines whose 
direction-cosines satisfy this equation meet the surface in 
three coincident points ; eliminating Z, m, n, we have as the 
equation of the locus of all such straight lines 

+ 2(.'-a:)(2^-y)^=0 (2). 

which is the equation of a cone of the second degree whose 
vertex is at the point (a?, y, z). See Art. 34. 

A point at which -^ , -j- and -7- all vanish is called a 

singular point on the surface, and the cone (2) is called the 
tangent cone at that point. 

98. In the case of Art. 96 we see that all straight lines 
whose direction-cosines satisfy (4) meet the surface in two 
coincident points. If we take I, m, n such as to satisfy both 
the conditions 

,dF ^ dF^ dF ^ 
ax ay az 



„d^F , ^d'F , ^d*F 

+ 2mn;,'^J-+ 2n?:^ +2Zm#5- = 
dydz dzdx dxdy 



... (1), 
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the straight lines whose direction-cosines are obtained from 
these equations meet the surface in three coincident points. 
They are therefore tangents to the curve in which the tan- 
gent plane meets the surface. This curve, therefore, has a 
double point at the point of contact, since the above equa- 
tions in general give two values of the ratios l:m:n, which 
values may be possible or impossible. 

If the surface be of the second degree, the two straight 
lines given by (1) lie wholly on the surface, and are possible 
if the surface be a hyperboloid of one sheet or a hyperbolic 
paraboloid, and impossible in other cases. 

99. The equation of a surface is often given in the form 

« =/(^> y)> or ^ -/(^, y) = 0. 

_ ^- . dF •, df dz dF y dz 

In this case -j- becomes — ^^ or — j- , -r- becomes — -^ , 

CM? ax ax ay dy^ 

and -T- becomes unity. The equation of the tangent plane 
becomes therefore 

It is usual to denote the quantities -y- and -r- by the 

letters p, q, and the quantities ^ , -^ , , by the letters 
r, t, 8, respectively. 

100. The equation of the tangent plane being 

, , . dF . , . dF . , . dF 

the length of the perpendicular on it from the origin is 

dF dF dF 

^dx^dy'dz . , 



y©"-(|)'H€T 



%— 'i 
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The letters U, F, W are frequently used to denote 

dF dF dF 
dx' dy* dz* 

and the letters u, v, w, u\ i/, w* to denote 

^F ^ ^ ^F_ dJ'F dJ'F 
fl^ ' rfy* ' ds^ ' dydz* dadx* dxdy' 

respectivdj. With this notation the above expression be- 
comes 

Ux + Vy-hWz 

Ju'+v'+w ^ ^' 

If we take th^ form of the equation in Art. 99, the length 
of the perpendicular is 

z-vx-qy 

101. As an example take the tangent plane at any point 
(^> J/j z) of an ellipsoid whose equation is 

iX/ 9J Z 

a*^-F + ? = ^ W- 

Here U=^,V^^,W=^; 

and the equation of the tangent plane is 



(a,'_a:)J + (y'_y)| + (,'_^)£=0. 



^'^ . l/y . ^'z a^ y^ z^ ^ 

"^ ^2 T- ;,2 T" ,.2 — ^2 -t- 7,. "T ^2 — J- 



^2 T j2 -r ^2 -^2-t-j."r:;2-A (2). 



The equation of every plane can be expressed in the form 

\x' + fi.y' + v/^p (3), 

wheVe p is the length, and \, /^, v are the direction-cosines, of 
the perpendicular on it from the origin, 
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If we suppose (2) identical with (3), we get 

^ = ^ = f=f (4). 

X y z 1 

a» P ? 



a\ bfi cv VaV + &V* -h cV ,-———_ — 

a 6 c V a* 6* "*■ c" 
And the equation of the tangent plane becomes 



Xaj' + /[^y'+ I// = ^/aV+ 6y + cV (5), 

aibrm which is often useful. 

The length of the perpendicular on (2) from the origin 

1 



y 






The values of \ fi,v the direction-cosines of this perpen- 
dicular are ^ , ^ , ^ by (4), and the co-ordinates of the 

foot of this perpendicular are consequently ^ , ^ , ^ . 
102. The equation of a paraboloid being 

?+?=- (1). 

the equation of the tangent plane at {x, y, z) becomes 

, 2y J 2z , 2f 2z^ 
or a — f-y"7'-^=^""-f T^""^' 

or -f.y'+j.z^x'^-x ^V 
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This can be put into another form, for comparing it with 

p la Vv 

and therefore from (1), 

and the equation of the tangent plane becomes 

y^ '\- fJ^y -^ vz' ^ - -^^^ — (3). 

103. The normal to a surface at any point is the straight 
line drawn throt^h that point perpendicular to the tangent 
plane. 

The equation of the tangent plane at (x, y, z) is 
. , V dF f , . dF f , . dF ^ 

and the equations of a straight line through the point (x, y^ z) 
perpendicular to this plane are 



x' ^x 'if ^y _ z — z .-. 

dx dy dz 

These are therefore the equations of the normal. 

The equations of the normal to an ellipsoid at the point 
(a?, y, -?) are 

a^jaf-^x'S ^ Viy'-^y) ^c'(/-^) 
x' ' y z 
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j[f we take the equation of the surface to be 

the equation of the tangent plane is 

/-jf-p (a/ -a?) -gCy-j^) = 0, 

and the equations of the normal are therefore 

' j/-y+qW-^)^ol ^^> 

104. The equation of the tangent plane to a surface 

F{x,y,z)^0 ! (1) 

at the point (a?, y, z) is 

/ / V dF . , V dF , f , • N dF ^ 

If this plane pass through a point whose co-ordinates are 
«> )8, 7, we have 

This relation is satisfied by the co-ordinates of all points, 
the tangent planes at which pass through a given point 
(a, )8, 7). It is the equation of a surface which by its inter- 
section with (1) determines the points of contact of tangent 
planes to (1) drawn through (a, )8, 7). 

105. We can shew that all these points of contact lie on 
a surface of the degree next below that of the original surface. 
For let F (a?, y, z) be of the p*^ degree, and let us assume 

where w,, Wp.i... denote the terms of the jp*^ (p — 1)'^... de- 
grees respectively. 

Then the points of contact are determined by (1) and (2), 
aod the latter may be written 

dF . rkdF . dF dF dF dF 
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But by a well-known theorem (see Todhunter's i>iy Cak, 
Chapter viiL Ex. 3), 



But for all the points of contact we have 

therefore = pUj, + pu^^+ ... -^pu^ + pu^+pu^, (4). 

Subtracting (4) from (3) we get 

'^di'^^dif'^^d'z =-Vi-2i^p^---(2>-2)w,-Q>-lK-:pM^ 

« 

and equation (2) becomes 

JTff Jjp Jip 

Now -p , -T- , -T- are of the Q) — 1)*** degree, conse- 
quently (5) represents a surface of the (p — 1)*** degree. 

If the original surface be of the second degree, all the 
points of contact lie in a plane* 

106. The equation of the tangent plane to an ellipsoid 
at the point (a?, y, z) is 

If this pass through a point (a, )8, 7), we must have 
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a relation which is satisfied by the co-ordinates of all the 
points of contact, and which is therefore the equation of the 
plane of contact. 

The plane (1) is called the polar plane of the point (a, /8, 7) 
with respect to the ellipsoid; and (a, )8, 7) is csJled the pole 
of the plane (1). 

If all the points in which (1) cuts the ellipsoid be joined 
with (a, P, 7) the joining lines will form a cone, and will all 
touch the ellipsoid, since each of them lies in the tangent 
plane at the point where it meets the surface. This cone is 
called an enveloping cone. 

Conversely, if at all points at which any plane cuts an 
ellipsoid, tangent planes be drawn, these planes will all meet 
in one point, which is the pole of the cutting plane. - 

^ H a series of planes be drawn passing through a fixed 
point and cutting an ellipsoid, the poles of these planes will 
all lie in a fixed plane which is the polar of the fixed point. 
Let (a, )8, 7) be the fixed point, ^.nd {x, y, z) the pole of any 
plane through (a, )8, 7). 

The equation of the polar of (a?, y, z) is 

or c 
If this plane pass through (a, /8, 7) we must have 

which shews that (a?, j/, z) lies on the polar of (a, /8, 7). 

If a series of planes be drawn passing through two fixed 
points and therefore through a fixed straight line, the poles 
of these planes will all lie in each of two fixed planes which 
are the' polar planes of the two fixed points, that is, they will 
all lie in a fixed straight line. 

Similar results hold for all the surfaces of the second 
degree* 
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107. The equation of the enveloping cone can be found 
by a process similar to that adopted in Art 34. The equa- 
tions of any generating line can be written 

'^Il^-y.^-^Ill-r (1) 

and the equations of the curve of contact are 

By substituting for x, y, z from (1) in the equations (2) 
their values a + ir, fi + mr^ 7 + nr and eliminating r, we 
obtain a relation which I, m, n must satisfy in order that the 
line (1) may pass through some point of the curve (2). 

The equations (2) can be reduced to one equation of the 
p^ degree, and one of the (p — 1)*^, and the result of substi-: 
tuting for x, y, z from (1) will therefore be 



B r^'^ + B 






where A^ is a homOgenieous function in Z, m, n of the p^ de- 
gree, J.^j and JSp^j are homogeneous functions of the (p — 1)**" 
degree, and so on. . ' 

The equations (3) cain therefore be expressed in the form 

where -4/, -4'^^, ;..4/, A^i 5'^^, ...-B/, B^ are functions 

of - , — , and the result of eliminating nr between them will 
. n n 

be of the form 



^\n- n] 



and the equation of the cone is therefore 



^\a — 7 2 — 7/ 
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108. In the case of an ellipsoid the equation of the plane 
of contact is 



^+f+?-i=« w. 

and we have to substitute a + lr, fi + mr, 74-nr, for a?, y, z 
in (1), and in the equation of the ellipsoid 

-,+i-^-,=i (2). 

We thus get 

/aZ iSm 7n\ 0?^ 7* .«v 



J /P w* n'N ^ ^ ^ fal 8m ^ yn\ 

+s+f+7-^=« (*)' 

and substituting for r from (3) in (4!) we obtain 

This is the relation which I, m, n must satisfy in order 
that the straight line 

, I v^ n 

may pass through some point in the curve of intersection of 
(1) and (2). ' ' • _ 

The equation of the enveloping cone is obtained by sub- 
stituting a — a, y — )8> jgr — *y for Z, 7w, «, and is therefore 



I ' 



. |1^« ^ Cj^ + i^)^_,i^y 



12i ON TANGENT LINES AND PLANES^ 

109. This equation can be obtained in another form by 
the aid of the following proposition. 

Let 8=0 he the equation of any surface of the second 
degree, and let i^ = 0, t; = be the equations of two planes. 
Then the equation 

S+\uv = (1), 

where X is some constant, will represent any surface of the 
second degree passing through th^ curves of intersection of 
S = with u = and t; = 0. For if /S*' = be the equation of 
any such surface, it is evident that 8' cannot assume any 
other form than k {8+\uv) consistently with the suppositions 
that it is of the second degree,' and is satisfied by all values 
of 07, y, z which make 8 and u vanish simultaneously, and 
also by all values which make 8 and v vanish. 

Again, if we suppose the plane u = to change its position 
so as to coincide with v = 0, the equation (1) represents any 
surface tovjching 8=0 along the curve in which the latter is 
cut by t; = 0, and becomes 

8+\v^=(). 
Hence the equation 

represents any surface of the second degree touching the 
ellipsoid at all the points of contact of tangent planes through 
(a, A 7). If we take X such' that (2) diall pass through 
(a,)8, 7) it must represent the enveloping cone. Substituting 
a, fi, 7 for X, y, z, we get 

Whence the equation of the enveloping cone becomes 

This equation can of course be deduced from that of the 
last article* 
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110. If we suppose the point (a, )9, 7) to recede from 
the origin to an infinite distance, the cone will ultimately 
become a cylinder whose generating lines are parallel to the 
line joining (a, )9, 7) with the origin. This is called an en- 
veloping cylinder, and the equation of any such cylinder can 
be found from that of the cone, by putting a = Xk, fi = fik, 
y ss pk, where X, /a, v are the direction-cosines of the generat- 
ing lines, dividing by the highest power of k, and then mak- 
ing k ii^nite. The equation of the enveloping cylinder of 
an ellipsoid deduced in this manner from either of the equa- 
tions in Arts. 108, 109 is 

111. The equation of the cylinder which envelopes a 
given surface 

F{x,y,z) = (1) 

can however be obtained independently of the enveloping 
cone» 

For let \ ^, vhe the direction-cosines of one of the gene- 
rating lines; a?, y, z the co-ordinates of the point where it 
touches (1). Then since this generating line of the cylinder 
is a tangent line to (1) at (a?, y, z), we must have 

^dF ^ dF ^ dF ^ .^. 

^da^^^Ty'^^Tz-''' ^^2^- 

This equation combined with (1) gives the locus of the 
points at which the enveloping cylinder touches the surface, 
and we have only to find the equation of a cylinder with its 
generating lines in a given direction, and passing through the 
curve given by (1) and (2), which can be done as in Art. 35, 

If x', y\ «' be the co-ordinates of any point in the gene- 
rating line which touches (1) at the point (a?, y, z), we have 

x—x v' — V z—z , 

— r — = == = — A; suppose, 

or fl? = a?' + XA7, y^lf + ^K si^z'-\-vk. 

Substituting these values of a?, y, z in the equations (1) 
pnd (2), andi eliminating k between the two ec^a\i\o\i^,^^^ ^^"^ 
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a relation between a?', y\ z' which is the equation of the en- 
veloping cylinder. 

112. In the case of the ellipsoid, the curve of contact is 
determined by the equations 

^ + ?^ + ^ = l 



a 






Putting x' + 7Jc, y+ fik, £ + vk for a?, y, z we get 

Substituting for h from the second in the first we get 

the same equation as we obtained in Article 110. 

113. Let the equation of a surface be given in the form 

<^(a,A7,S) = (1), 

where a, ^8, 7, S are the lengths of the perpendiculars from 
any point on the four faces of a tetrahedron, and let any 
straight line be drawn through the point (a, )8, 7, S). Then 
if a', /S', 7', S' be the values of a, ^, 7, 8 for any other point in 
the line we shall have by obvious geometry 

'tll^^.^^'LzlJ^^U, (2), 

I m n q 

where I, m, n, g are the cosines of the angles between the 
line and the perpendiculars on the four faces of the tetrahe- 
dron, and k is the distance between the two points. 

We obtain the value of h for the points where the line (2) 
meets (1) from the equation 

^(a + M;, /8 + mAr, 7 + nA;, S + jA;)=sO, 
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4-^i' + JB&'+... = (3). 

This equation gives as many values of h as the degree of 
the equation (1). 

Since (a, ^8, 7, 8) is a point on (1), (a, )8, 7, S) vanishes, 
and one value of k is zero. If Z, m, n, j be restricted by the 
relation 



'S-^-|^»|^»f=». 



two values of k vanish^ and the line (2) is a tangent line to 
(1) at (a, /8, 7, 8). Hence eliminating Z, m, w, j by means 
of (2) the equation of the locus of the tangent lines at 
(a, A % S) is 



or 
a' 



But the expression ^ (a, )9, 7, S) may be supposed homo- 
geneous, since if it be not, it can be made so by means of 
the relation given in Art. 26 ; and if it be of the p^ degree, 
we have by a well-known formula 

since the point (a, ^, 7, S) is on the surface (1). Hence the 
equation of the tangent plane at (a, ^, 7, S) becomes 

^f+^S+v*+4*-» w- 
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EXAMPLES. CHAPTER VIII. 

1. Find the locus of the point of intersection of three 
tangent planes to an ellipsoid which are mutiiailj at right 
angles. 

2. Find the locus of a point which moves so that the 
locus of the centre of the section of an ellipsoid by its polar 
plane with respect to that ellipsoid is a similar and similarly 
situated ellipsoid whose axes are each half of the correspond- 
ing axis of the original ellipsoid. 

3. Shew that the polar equation of the locus of the foot 
of the perpendicular from the origin on the tangent plane to 
an ellipsoid is 

T^^a^ sin*^ cos* ^ + 6* sin*^ sin"^ 4- c* cos" 5. 

4. Find the equation of the locus of the foot of the per- 
pendicular from a point (a, /8, 7) on the tangent planes of the 
ellipsoid 

5. Find the equation of the locus of the poles of all 
tangent planes of the ellipsoid 

with respect to a sphere whose centre is at the point (a, /3, 7) 
and whose radius is k. 

6. Shew that in general six normals can be drawn 
through a given point to an ellipsoid, and that these six all 
lie on a cone of the second degree, three of whose generating 
lines are parallel to the axes of the ellipsoid. 

7. If normals be drawn to an ellipsoid 

^ y ' «' _ ^ 
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at the points where it is cut by the cone 

X y z 

prove that these normals all pass through a diameter of the 
ellipsoid. 

8. In an ellipsoid whose semi-axes are a, h^ c, 'plane 
sections are drawn so as always to touch a confocal ellipsoid 
(see Art. 160). Shew that the centres of these sections 
always lie on a surfiB.ce of the fourth degree which intersects 
the ellipsoid in the cone 

-4 + ^ + ^ = 0. 

9. Prove that through any central radius of an ellipsoid 
one plane can be drawn cutting the ellipsoid in a curve of 
which that radius is a semi-axis. Shew that if it be so for 
more than one section it must be so for all such sections. 

10. On a plane section of a given ellipsoid as base two 
cones are constructed of which the vertices are the centre 
of the surface and the pole of the section. If the ratio of 
the volumes of these cones is constant, prove that each of 
them is constant ; and find the volume when the ratio is one 
of equality. 

11. Find the locus of a limiinous point, in order that the 
boundary of the shadow of an eUipsoid cast by it upon a given 
principal plane may be circular. 

12. Prove that the right circular cylinders described 
about the ellipsoid 

S 8 S 

— \- ~ A — =1 
a b c 

h being the mean semi-axis, are represented by the equation 

13. Th(3 shadow of a ball is cast by a candle on an in- 
clined plane in contact with the ball; prove that as the 
candle bums down, the locus of the centre of the shadow is 
a straight line. 
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14. Find the equation of the tangent plane to the sur- 
face 

and the volume cut off by this plane from the axes. 

15. Find the equation of the tangent plane at any point 
of the surface 

Find also the length of the perpendicular on it from the 
origin, and the area of the triangle intercepted on the tangent 
plane by the co-ordinate planes. Shew that the sum of the 
squares of the intercepts on the axes of co-ordinates is con- 
stant. 

16. Find the equation of the enveloping cone of the sur- 
face By^ -f- Cz^ = a?, whose vertex is at a point (a, )8, 7). 

17. Find the length of the normal at any point of an 
ellipsoid cut off by the plane of xy. Find also the co-ordi- 
nates of its point of intersection* with the plane of a^: 

18. Find the equations of the norrfial at any point of the 
surface 

Find the locus of the points in which the normals to the 
surface drawn at all points of its intersection with the plane 
a? = a cut the plane of ^-2^. 

19. Shew that the points on the surface 

voyz = c' 
at which the normals intersect a fixed line 

ic — a__y — )8__« — 7 
I m n 

all lie on the surface 

Oix{my- nz)+^y {nz-lx) +yz {la-my) =a)^{my-7iz) 

-i- 1/' (riz — lx) + z^{lx'- my). 
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20. Find the locus of the point of intersection of three 
tangent planes to a paraboloid which are mutually at right 
angles. 

21. Find the equation of a surface of the second degree 
which paisses through all the points of contact of tangent 
planes drawn through an external point (a, )8, 7) to the 
surface 

a;* 4 y* + «' — ixyz = c', 

and discuss its nature for dififerent positions of (a, )9, 7). 

22. Find the equation of a surface of the second degree 
which passes through all the points of contact of tangent 
planes drawn through an external point (a, )9, 7) to the 
surface 

xyz = a\ 

and discuss its nature for diflferent positions of (a, /8, 7). 

23. Find the equation of the locus of the foot of the 
perpendicular from the origin on the tangent planes of the 
surface 

24. Shew that the plane 

Ix + my ■\-nz = 
will touch the cone 

Aal' + By'+Cz''=^0 

if Ij 771, n satisfy the condition 

25. Shew that the axes of a central section of the ellip- 

, a^ y^ z^ 
soid -i + ^+-T = l ^y ^ plane parallel to the tangent plane 

at (a, 13, 7) are given by the equation 

where p is the perpendicular from the centre on the tangent 
plane. 



CHAPTER IX. 



ON CURVES IN SPACE. 



(2). 



114. We have seen (Art. 16) that any two equations 

F,(x,y,z)=^0] ^'^' 

since they are satisfied by the co-ordinates of all the points of 
intersection of the surfaces represented by each equation^ will 
in general represent a curve. 

These equations can be reduced to the form 

y=/«W) 

by eliminating y and z in turn between the two equations 
(1). It may be noticed that the two equations (2) will in 
some cases represent a curve not included in (1). For in- 
stance, if the two equations (1) were of the first and second 
degrees respectively, by eliminating y and z in turn we 
should get two equations of the second degree, and the first 
two equations would represent one plane curve, while the 
second pair would represent the original curve, and another 
plane curve besides. (See Art. 96.) 

Assuming x to be any arbitrary function of a new vari- 
able ty the equations (2) can be replaced by the three 

x^<l>(t), y^ir(t), z^xi^) (3). 

This third form possesses many advantages from its sym- 
methcal character, and we shall in general use it. 
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115. As an example the pair of equations 

A'x + By + Crz=-D'^ '"^^^ 

represent a straight line. 

Eliminating y and z in turn we get the two equations 



(2), 



_ A'B - A R BD-BD' ^ 
^~B'C-BC'"''^B'C- BC 

_ O'A - GA' , Giy - CD 
^ BC-BC'^'^B'C-BG'} 

which correspond to the form (2) in the last Article. 
Lastly, assuming x = {WG — BG") t, we get 

pry _ /TT)! 

x={B'G-BG')t,y = {G'A-GA')t + ^y^^ \ 

}-...(3), 

z=(A'B-AB^t + ^^^^ 
which correspond to the form (3) in the last Article. 

116. The curves of the most frequent occurrence and 
greatest importance are plane curves, the discussion of which 
properly belongs to plane geometry. As an instance of a 
curve not plane we may take the helix. 

This is the curve formed by the thread of a screw. It 
may be produced by wrapping a right-angled triangle round 
a circular cylinder, the base of the triangle being at right 
angles to the axis of the cylinder. 

Take the axis of the cylinder as axis of z, a -plane through 
the base of the triangle as plane of xy, and a line through the 
acute angle at the base of the triangle as axis of x. 

Let be the origin ; on, y, z the co-ordinates of any point 
P in the curve, a the radius of the cylinder, the angle AOM 
between the axis of /f and OM the projecliciii oi OP ci\i\5w$> 



134 



ON CURVES IN SPACE. 



plane of xy^ and a the acute angle at the base of the triangle. 
We obtain without diflSculty, 

a;= ON— OMcos0 — acos0f 

y = 3/^^= OM sin ^ = a sin ^, 

z =PJf = arc -4.Jfx tana = a^ tan a, 




Whence 



or if a tan a^c^ 
a:=acos^, y=asin^, z — c6 



z . z 

a? =s a cos - , y = a sm - 



(2). 



Either (1) or (2) may be considered as the equations of 
the helix. 

117. The limiting position of the straight line joining 
two points of a curve when the second point moves up in- 
definitely near to the first, is called the tangent to the curve 
at that point. 

Let the equations of the curve be 

a:=^^{t),y=^ir{t), z = x(f) (1)> 

and let t and < + r be the values of t for two points on the 
curve. The equations of the straight line joining these are 

^(i+T)-^{t) t(<+T)^tCO x(*+'-)-x(0' 
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«', y\ s! being current co-ordinates ; 

a!^^i,t) y'^^(t) ^^xjt) 

T T T 

But when t is diminished indefinitely the two points 
coincide and the str^ght lii;ie joining them becomes the 

tangent at (a?, y, z). Also the limit of — ^ — ^-^ is 

dec 
^' (i) or -^ , and similarly foi* the other denominators. 

Hence the equations of the tangent at (x, y, z) are 

^-x y'-^y z--^ 

dx dy dz ' ^ '* 

dt dt dt 

118, The length of the chord joining two points (ar, y, z) 
and (ojj, y^, z^ is 

But by Newton (Section I. Lemma vii.) wh^ the two points 
approach indefinitely near to each other, the ratio of the arc 
to the chord becomes ultimately a ratio of equality. Hence 
if 8 and « + & be the lengths ot the arcs measured from some 
fixed point up to the points (a?, y, z), (x^, y^, z^) respectively, 
the fraction 

Bs 

becomes ultimately equal to unity, or 

■■■®'<t)Hthm' (»■ 
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From this result we see that the cosine of the angle which 
the tangent at (x, y, z) makes with the axis of a?, which by 
Art. 17 is 

dx 

di 



A 



%hah&:) 



dx 

- dt dx 

IS equal to IT ^^ dT ' 

'di 

And similarly, the cosines of the angles which the tan- 
gent makes with the axes of y and z are -^ and -y- re- 
spectively. 

Dividing l>y (;jt) the equation (1) reduces to the form 

.©■-©'HST-^-; » 

119. Any straight line through the point (x, y, z) per- 
pendicular to the tangent is called a wyrmal line. All 
such lines lie in a plane through (a?, y, z) perpendicular to 
the tangent, which is called the norrnai plane. Its equation 
is at once seen to be 

(--)|-H(y-y)|+(^'-^)S=o. 

120. It is always possible to draw a plane through any 
three points of a curve. The limiting position of this plane 
when two of the points move up indefinitely near to the 
third is called the osculating plane at that point. 

Let the equations of the curve be 

a^*(0. y=^(*). ^ = x(0 (1). 

and let ^, t + r^ f + 2t be the values of t corresponding 
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to three points on the curve« Let the equation of any 
plane be 

^a/+jBy +C/ = 2) (2). 

If this plane pass through the three points t,t + T,t + 2t, 
we have 

A<l,(t) + By^{t) + Cx(t)^D (3). 

A4>{t + r)+B'>^{t + T) + Cx(t + T) = B (4), 

A^{t+2T)+B'>^{t+2T) + Cx{t + 2r) = D (5). 

Sabtracting the fiiBt of these equations from the second 
we have 

A{il>{f + T)-if>{t)}+B{fit + r)-^!r{t)} 

+ C{x(< + t)-x(0}=0- 
Or, dividing by r, 

T 

Subtracting, twice the second from the sum of the first 
and third and dividing by •/•; we get 

-, ^ X(< + 2^)-2x(<+t)+x(<) _ 

But if we mate tie tliree points coincide, t vanishes, 
and these two equations become (Todhunter s Diff. Calc. 
Art. 127) 

* * dy d^z dz d*y dz d^x dx d*z dx d*y dy cPx ' 
dtWdi'd? dtd^^ltW d«dF"dtde" 
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And sabtracting (3) from (2) we have 

Whence the equation of the osculating plane at the point 
(x, y, x) becomes 

/ , X (dy (Pz dz cPy) , , Adz d^x dx d?z\ 



^^ ^^jrf* de dt der^' 



121. The oscillating plane is sometimes defined as the 
plane which lies closer to a curve at a given point than 
anj other plane, and its .equation is obtained in the fol- 
lowing manner. 

Let A{x''-'x):yB{y'^y)^C{z'-'z)^0 (1) 

be the equation of ^iiy plane through (j?, y, zy The perpen- 
dicular on this from a point (a?j, y^, z^ is 

A{x^'-x)^-B{y^^y)-\'G{z^'-z) 

But if (a?„ y„ z;) be a point on the curve corresponding 
to a value t + r of t, 

— _L dx T^ d*x 

'^^"^■^'■^^12 5?^ 



dv T* c?*V 



Hence the length of the perpendicular becomes 



osr cnBV£s in spacbL 
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And when r is diminished indefinitely, the succeeding 
terms are very small compared "with the first and second, 
and the smallest value which this fraction can assume will be 
when A, B, are determined by the equations 

whence we obtain the same result as in the last Article. 

122. AUstraight lines drawn through the point (x, y, z) 
perpendicular to the tangent at that point are normals. That 
normal which lies in the osculating plane may be considered 
as the normal drawn in the plane of the curve, and is called 
the principal normal. The equations of the normal plane 
and the osculating plane considered as simultaneous are the 
equations of this line. These are 



dx 



dy 



dz 



(^'_a.) +(y'_y)^+(/_^) =0, 



dt 



dt 



dt 



^* "^\dt df dt 



dz d'y] 



df 



+ 



+ 



, , _ . \dz d'x dx dfzS 

^ ^'yiil^'Ttde] 
^^ "'Xdtde dt de]~^- 



If we put these equations ia the form 

of —X _^ — y _ !f — z 

the value of P ia 

dy (dx d*y dy d^x\ dz [dz cPx _ dx d*z') 
'tu\d^'d?~diW)~'^\'^'de~di Jf' 

_ dx (<^ ^ dz^ ^l — — ^ i(^^ 
~di\^dedt Wj de \\dt, 

But by Art. 118 

\dt)."\di) ■*"((&] ■^U) ' 



-:s)} 
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therefore differentiating, 

ds d^s _ dx d^x dy 6^ dz d^z 
dtle'^di'de'^Tt'de'^dll^' 

nence -r--^ |j^ ^p --^ ^| d^lUiy "" \dt) j 

__ <fe (dx d^ ds cPx ) 
"dtXdi de^dt dty 

and similar values may be found for Q and R, Hence the 
equations of the principal normal are 

X —x y^ — y / — ^ 

da d^x d*s dx ds d^y d^s dy" ds dfz d^s dz * 
diWdt^di dtW^dedi Itde'^deH 

which may be written in either of the forms 

x' — x _ i / — y _ s! -^ z , V 

d_ /dx\ "" 'd fdy\ "" TTS^N ^ ^' 

dtKds) dt\ds) dt\ds) 

or ^--x _ ^^y z'-'Z 



a 



ds* ds* ds" 

123. The equations (2) of the last article can also be 
obtained as follows. 

If \ fi,v\ V, /Lt', V be the direction-cosines of two straight 
lines, the direction-cosines of the two straight lines which 
bisect the angles between them are proportional to X+X', 
fi + fi, v + V and X — X', /a — /li', j/ — v\ 

For planes through the origin perpendicular to the two 
given straight lines have their equations 

7iX + fiy + vz = (1) 

and ' \'x + fiy + i/'-sr = 0. .(2) respectively. 
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By Art. 26 the equations of two planes which bisect the 
angles between (1) and (2) are 

And the direction-cosines of the normals to these planes, 
which are evidently parallel to the bisectors of the angles 
between the two original straight lines, are proportional to 
\+X', /* + /*', v + v and \ — X', t^—fJi!^ v — v respect- 
ively. 

If Z, m, n be the actual values of the direction-cosines of 
the latter line, we have 

■m Kl ~" Ai 

""V(X-X7 + (/i-/i7H-(i;-^ 

V 2 — 2 cos ^ ^ ^ 

if ^ be the angle between the two straight lines. 

124. Let now X, /a, v be the direction-cosines of the 
tangent to a curve at the point (a?, y, z)^ and X', /t*', v their 
values at an adjacent point on the curve distant & from the 
former. Then ultimately if the two points be made to 
approach indefinitely near to each other and coincide, of 
the two bisectors considered in the last article, the one 
will coincide with either tangent, and the other will be 
the principal normal. The former will evidently have its 
direction- cosines proportional to X-f-X', /a + /a', v-\-Vy and 
the latter must have its direction-cosines proportional to 

X— X, /i — /£r , I/— V . 

But X' = X + -7- & + terms involving i^sf 

A*'=At + ^&+ 

V =a 1/ + -^ M-h 

OS 
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Hence the direction-cosines of the principal normal are 

. , dX ^ dfi ^ dv ^ . d\ dii dv , 

proportional to -^ o«, -^ m, -r- m, or to -^ , -^ , -i- , and 

Oi3j dti dz 
putting for. X, /Lt, v their values j" > 7/ i 3~ ^^ equations 

of the principal normal become as before 

d? da* ds* 

125. If the curve be a plane curve, the equation of the 
osculating plane must reduce to the equation 01 the plane in 
which the curve lies. Hence the ratios 

dy d^z dz d^y\ fdz d^x ^ dx d^z\ /dx d^y ^ dy d^x\ 
4t df'^di'df) ' \dtle'"dtWJ '[dtWdtdp) 

must be constant for all points on the curve. 

We may therefore assume 

dy(^_dz^_ 

dt df dt df^^^ ^^^' 

dz d^x dx d^z 



dt df dt df 



= /^v (2), 



do^^_dy^_ 

dtdf dtdf"^ W> 

where X, /li, v are constants, and v some function of t. 

Eliminating X, [l and v from (1) and (2) by differentiating, 
we get 

'dz ^x ^ dx d^z\ (dy cPz dz d^y\ 
4i df "di W) [diWdi df) 



_(dy^ _dz ^y\ (dz d?x ^dx ^z\ _ 
\dt dt' dt df) \dt W dtW)^ ' 
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or reducing and dividing ty ^ , 

d^x fdy d^z dz d^y \ d^ fdz^ ^x dx d^z \ 
d? \di W^di df) "*" df \dt df^dt de) 



cPz /dx d^y __ dy d^x\ _ ^ 
^IfXdide dide)'^' 



which may be written 



dx dy dz 
dt' dt\ dt 




d^x d^y ^z 
df df df 


= 


d'a? cP y d^z 
df df W 


^ 



(4). 



The symmetry of this relation shews that we should get . 
the same result by eliminating /i, v and v from equations (2) 
and (3). 

This relation may be alsa obtained from Art. 121, since 
if the curve lie in the plane (1), the perpendicular on this 
plane from any point in the curve must vanish. We must 
therefore have 

whence the rela4;ion (4) follows. We must also have 

for all values of n. But this will be the case if equation (4) 
is satisfied for all points in the curve, as may be seen by 
diflTerentiating. 
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126. If a curve be drawn on a given surface such tkai 
the inclination of its tangent to a given fixed plane is always 
greater than that of any other tangent line to ihe swrface aJt, 
the same pointy ihe curve is called a line of greatest slope to 
the given plane. 

Let F{x,y,M) = Q (1) 

be the equation of the given surface, and let 

Ax + By + Cz=:D (2) 

be the equation of the given plane. 

The direction-cosines of the tangent line to the curve at 

V dx dy dz 
•any pomt (a?, y, ^) are ^ , ^, ^. 

The equation of the tangent plane to (1) at (a?, y, z) is 

and the direction-cosines of the line of intersection of this 
plane "with the plane (2) are proportional to 

B — ^C— C—'-A— A—'-B — 
dz dy * dx dz* dy dx ' 

and it is evident that the tangent line to the curve of greatest 
slope must be perpendicular to the intersection of the tangent 
plane with the plane (2), whence we get 

^(b^^G—]+^(C—^A—]+^(A — --B—]^0 (3) 
ds\ dz dy) ds\ dx dz) ds\ dy dx) **'^ 

The integral of this equation united with (1) gives the 
curves required. The integration will introduce one arbitrary 
constant which is determined if one point on the curve be 
known. Hence, a line of greatest slope can be drawn through 
any point on the surface. 

If the given plane be the plane of a?y, -4 = 0, JB = 0, and 
the equation (3) becomes 

dF dy^^dF dx_^ 

dx ds dy ds ' 

dFdy _ dF_ ^ 

dxdx dy" **** ***^ '* 
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As an example of the last case take the equation of the 
ellipsoid 

0? 'if ^ ^ 
Equation (4) becomes 

•'• ~a A<^gy-" n log ^ = constant; 

.\y^mx^ (6). 

This equation united with (5) gives the lines of greatest 
slope. If a = 6, (6) becomes 

2/ = ma?, 

80 that in the case of a spheroid the meridians are the lines 
of greatest slope to the plane of circular section, 

127. We shall devote the remainder of this Chapter to 
the discussion of the curvature of curves in space. This is of 
two kinds, the first being the curvature of the curve con- 
sidered as lying in its osculating plane, and the second, the 
curvature by which it leaves the osculating plane, which is 
called the curvature of torsion. On this account curves in 
space are called curves of double curvature. 

Before proceeding to the formulae relating to the two 
kinds of curvature at any point of a curve some geometrical 
explanations and definitions must be given. 

Let PQy QR, RS, ST,... be a series of lines of equal 
length, which when their length is diminished indefinitely 
become ultimately small portions of a continuous curve. Let 
p, q, r^ «... be their middle points. 

Through p let a plane be drawn perpendicular to PQ and 
through q, r, «... planes perpendicular to QR, R8, ST,... 
respectively. These will ultimately be normal planes to the 
curve at consecutive points. Let the planes through p, ^ 

A. a \^ 
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And subtracting (3) from (2) we have 

A {ai - x) + jB (y -y) + C{sf -;?)=: 0. 

Whence the equation of the osculating plane at the point 
{x, y, z) becomes 

^^ "^^Ut dt' dt de]^^ y^\dt de dt df] 






121, The osqilating plane is sometimes defined as the 
plane which lies closer to a curve at a given point than 
any other plane, and its .equation is obtained in the fol- 
lowing manner. 

Let ^(aj'-fl?)H-5(y'-y)if C^(/--^) = (1) 

be the equation of ^iiy plane through (j?, y, z)^ The perpen- 
dicular on this from a point (j?^, y^, z^ is 

A{x^'-x)-\'B{y,^y)'\-C{z^^z) 
Ja^ + B'+C^ 

But if (a?j, y^, z^) be a point on the curve corresponding 
to a value t + r of t, 

, dx , T* d^x , 

a>, = «+T^ + ^^ + 



dy T* d^v 
Hence the length of the perpendicular becomes 
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And when t is diminished indefinitely, the succeeding 
terms are very small compared with the first and second, 
a.nd the smallest value which this fraction can assume will be 
V7hen A, B, C are determined by the equations 

dt dt dt * 

whence we obtain the same result as in the last Article. 

122. AUstraight lines drawn through the point (x, 7/, z) 
perpendicular to the tangent at that point are normals. That 
normal which lies in the osculating plane may be considered 
as the normal drawn in the plane of the curve, and is called 
the principal normal. The equations of the normal plane 
and the osculating plane considered aS simultaneous are the 
equations of this line. These are 

, , . (dy d*z _ dz d*y ) , / / _ v {dz d'x _ dx ^z\ 

^^ ~'^^ yn d? dt ^j ■•■ ^^ y'XdiW di de\ 

■^ ^ ' \dt de dt de 

If we put these equations ia the form 

a! —X ^"j/ — y sf —z 

the value of P ia 

dy (dx d'y dyd^x) _dz^ (dz d*« _ dx dy\ 



= 0. 



dt [dt df dt df) dt (dt de dt dt 

_ da> (dy ^ dz^ d^z\ _ 
~di[^dedi'de) de 

But hy Art. 118 

,dt)~\dt) ^\dt)^\dt) ' 



d'x \(d^ (d£ 
dt) ^\dt. 
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therefore differentiatiDg, 



dad^a _dx d^x dy ^y dz d^z 
did^^diWdi d^'^^W 



Hence P = 



dx (ds d^8 
Ttjjiidf 

ds (dxd's 
dt \di df 



dx d^x\ d^x f /tfcy /cfeN'l 

dt df] de jU/ \dt) J 

dad^x} 

dt dty 



and similar values may be found for Q and i2* Hence the 
equations of the principal normal are 



d^sdy asWz crs dz ' 



X —x 

da d^x d*8 dx^ ds d^y 

dtlt "'dA^ ~dt dtW'de'di li~de~de~di 

which may be written in either of the forms 

x' — X _ j / — y _ y -- z 
d /dx 
dt \da. 



d_(dx\ d fdy\ d^f^\ 
^ dt\da) di\da) 



(1), 



or 



X —X 

IFoT 



da* 



z —z 



(2). 



123. The equations (2) of the last article can also be 
obtained as follows. 

If X, /A, J/; X', /a', V be the direction-cosines of two straight 
lines, the direction-cosines of the two straight lines which 
bisect the angles between them are proportional to X-hX', 
fi + fi, v-\- V and X — X', fM—fM, y — v» 

For planes through the origin perpendicular to the two 
given straight lines have their equations 

'Kx + fiy + vz = (1) 

and ' X'x + fiy + vz =-0 (2) respectively. 
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By Art. 26 the equations of two planes which bisect the 
angles between (1) and (2) are 

And the direction-cosines of the normals to these planes, 
which are evidently parallel to the bisectors of the angles 
between the two original straight lines, are proportional to 
\ + ^-'j /* + /*', y + V and \ — V, /t^ — /t*', p-^j/ respect- 
ively. 

If I, m, n be the actual values of the direction-cosines of 
the latter line, we have 

« A» ~- A« 

V 2 — 2 cos ^ -^ ^ 
if be the angle between the two straight lines. 

124. Let now X, fi, v be the direction-cosines of the 
tangent to a curve at the point {x, y, z), and X', fi, v their 
values at an adjacent point on the curve distant & from the 
former. Then ultimately if the two points be made to 
approach indefinitely near to each other and coincide, of 
the two bisectors considered in the last article, the one 
will coincide with either tangent, and the other will be 
the principal normal. The former will evidently have its 
direction- cosines proportional to X+X', fL + fi\ v + v, and 
the latter must have its direction-cosines proportional to 

X— X, fJL^ fl , I/— V . 

But X' = X + -T- & + terms involving (&)' 

^'=^ + ^^^"*' 

V ss p + ~j- d8+ 

as 
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Hence the direction-cosines of the principal normal are 

, ^ d\ ^ da ^ dv ^ . d\ dti dv . 

proportional to -r- 05, -^ o«, -i- &, or to -^ , -r- , -1- , and 

oiSj dti dz 
putting for. X, /a, v their values 77" > 7/ > ;j~ ^^ equations 

of the principal normal become as before 

ds' ds* ds" 

125. If the curve be a plane curve, the equation of the 
osculating plane must reduce to the equation of the plane in 
which the curve lies. Hence the ratios 

'dy cPz dz cPy\ fdz d^x ^ dx d^z\ /dx d^y ^ dy d^x\ 
tt df'^di'df) ' \dide'''dtW) '\dtWdi~df) 

must be constant for all points on the curve. 

We may therefore assume 

dyd'z^dzd^y^ 
HWdtW''^'^ ^^^' 

dz^ (Px ^dxd^z _ (ei\ 

di dt' dide'^^ ■ ^^^' 

d^^_dy^_ 

dtdf dtdf"^ W» 

where \, /it, v are constants, and v some function of t. 

Eliminating \, /a and v from (1) and (2) by differentiating, 
we get 

fdz d^ ^ dx d^z\ (dy cPz dz d^y\ 
\di df TtWjydidt^'di df) 

_(dy^ _dz d^y\ fdz d?x dx ^z\ 
\dt di' dt df) \dt de dtWJ'^ ' 
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or reducing and dividing by -^ , 



de 



(dy d^z dz d^y \ d^ fdz ^x ^ dx d^z\ 
[dtWTtdeJ'^df \dt dt" di W) 



^ (dx d^_^dy d^x\ __ 
'^de\dide dtde)"' 



which may be written 



dx 
dt' 


dy 
dt'. 


dt 
dt 


d}x 
df 


df 


d^z 
df 


cPx 
df 


d?y 
df 


^z 
d^ 



= 



(4)- 



The symmetry of this relation shews that we should get 
the same result by eliminating jx, v and v from equations (2) 
and (3). 

This relation may be afeo obtained from Art. 121, since 
if the curve lie in the plane (1), the perpendicular on this 
plane from any point in the curve must vanish. We must 
therefore have 



dt 
d^x 



dt 



dt 



.dfx j.^y „d?z_ 

whence the relation (4) follows. We must also have 

M d^x *» d^v XV d^z 

for all values of n. But this will be the case if equation (4) 
is satisfied for all points in the curve, as may be seen by 
differentiating. 
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126. If a curve be drawn on a given surface such 1M 
the inclination of its tangent to a given fixed pUme is always 
greater than that of any other tangent line to the surface oJt, 
the same point, the curve is called a Urn of greatest slope to 
the given plane. 

Let F{x,y,z)^Q (1) 

be the equation of the given surface, and let 

AxJfBy-^Gz^D (2) 

be the equation of the given plane. 

The direction-cosines of the tangent line to the curve at 

/ V don dy dz 

•any point («, y, «) are ^ , ^, ^. 

The equation of the tangent plane to (1) at {x, y, z) is 

and the direction-cosines of the line of intersection of this 
plane with the plane (2) are proportional to 

B — ^C— C—--A— A—'^B — 
dz dy ' dx dz' dy dx' 

and it is evident that the tangent line to the curve of greatest 
slope must be perpendicular to the intersection of the tangent 
plane with the plane (2), whence we get 

The integral of this equation united with (1) gives the 
curves required. The integration will introduce one arbitrary 
constant which is determined if one point on the curve be 
known. Hence, a line of greatest slope can be drawn through 
any point on the surface. 

If the given plane be the plane of xy, A=0, B=^ 0, and 
the equation (3) becomes 

dF ^_^^_/A 
dx ds dy ds ' 

dF dy ^ dF_ 

dxdx dy~ *'** ***^ ^* 
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^ Ab an example of the last case take the equation of the 
ellipsoid 

-2 + gjr+^-l (^)- 

Equation (4) becomes 

1 1 

•*• ~2 logy*" rs log ^ = constant; 

.-. y^mx^ (6). 

This equation united with (5) gives the lines of greatest 
slope. If a = 6, (6) becomes 

80 that in the case of a spheroid the meridians are the lines 
of greatest slope to the plane of circular section, 

127. We shall devote the remainder of this Chapter to 
the discussion of the curvature of curves in space. This is of 
two kinds, the first being the curvature of the curve con- 
sidered as lying in its osculating plane, and the second, the 
curvature by which it leaves the osculating plane, which is 
called the curvature of torsion. On this account curves in 
space are called curves of double curvature. 

Before proceeding to the formulae relating to the two 
kinds of curvature at any point of a curve some geometrical 
explanations and definitions must be given. 

Let PQ, QR, RS, ST,... be a series of lines of equal 
length, which when their length is diminished indefinitely 
become ultimately small portions of a continuous curve. Let 
p, q,r^8.i. be their middle points. 

Through p let a plane be drawn perpendicular to PQ and 
through q, r, «... planes perpendicular to QR, RS, ST,... 
respectively. These will ultimately be normal planes to the 
curve at consecutive points. Let the planes through p, ^ 

A. a. \^ 
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intersect in a line AE, and the planes through q,rm& line 
BF which cuts AE in some point A, and eo on. 




Let the plane which passes through P, Q, R meet AE 
in 0,, and the plane through Q, R, 8 meet BFin 0,. It ia 
evident that the point is equidistant from P, Q and M, 
and a circle with centre and radius 0,P will pass through 
Q aud M. This circle will ultimate!; pass through three 
consecutive points of the curve, and lies in the plane PQBO^, 
which is ulUmately the osculating plane at Q. Hence it is 
the circle of curvature of the curve considered as a plane 
curve lying in the osculating plana It is called the ciTcle of 
ubaolute or ciTCular curvature, and the point (?, is called the 
centre of absolvte or drcviar curvature. 

Again, all points in the straight line AEaxe equidistant 
Aom the three pointa P, Q and R, All poiuta in the straight 
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line BF are^ equidistant from Q, It and 8. Hence the point 
A, where AE and BF meet, is equidistant from the four 
points P, Q, R, and /S, tod a sphere with centre A and radius 
AP will ultimately pas3 through four consecutive points of 
the curve. The point A is called the centre of spherical 
curvatvref and the length AP the radius of spherical curva-^ 
ture. 

The lines AE, BF, CO . . . ultimately generate a surface 
which is touched by the nonnal planes of the curve, and the 
ultimate intersections of these lines produce a curve which 
lb called the edge of regression of this surface. 

128. The locus of the centres of absolute curvature is 
not an evolute, but an infinite number of evolutes can be 
drawn on the surface generated by the lines AE, BF,.,, For 
let' 0^ be any point in AE, and let jpO^, jO^ be joined and 
jOj be produced to meet BF in U) join ru and produce it 
to meet GQ in v ; join sv and produce it to meet DH in w^ 
and so on. We have 

vu + uO^ + O^p = t?tt + wg = vw + wr = vr, 



Hence if a string be laid along the curve wvuO^ and its 
end be at jp, as it is unwrapped this extremity will pass 
through qrst,., and describe ultimately the original curve. 

An evolute can thus be found passing through any point of 
any one of the lines AE, BF. . . 

129. The centre of absolute curvature may be defined as 
the point where the line of intersection of two consecutive 
normal planes meets the osculating plane. 

Let the equation of the normal plane at a point (x, y, z) 
be denoted by 

F(i) = o (1). 

Any other normal plane can be represented by 

-^(0 = ...(2). 

where f^ i& the corresponding value of U 
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At the points where (1) and (2) meet, we have 

jf (0-1^(0=0, 

And this latter equation when t^ — tis indefinitely diminished 
becomes 

f-« <»)• 

Hence the line of intersection of two consecutiye normal 
planes is given by the two equations 

But f(e)=(.'-.)|+(y-2,)|+(y-.)|. 

= (a:'-a.)^^ + (y-y)J+(.-.)^-y. 

Hence the line of intersection of two consecutive normal 
planes is given by 

<«'-«)|+(*'-y)|+K-.)|=o (4), 

»d (^-.)g+,y-,)f +(^-.)g. (*)• (5). 

The point where this line meets the osculating plane is 
given by (4) and (5) united with 

^^ "^^ \dt de dt df) 
. , , X fdz d^x dx d^z\ 



/ . 
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From (4) and (6) we obtain, as in Art. 122, 

«!-^ y -y g^-g /yx 

cPx ds dx d*8 d'y ds dy d^s d*z ds dz d^s 

Hfdt'^'dtdF leli^lltde '^dt'"dide 
and by equation (5) each of these fractions is equal to 

tW) '*' \de) ■*■ [cW) )dt dt \de) 



ds 
di 



...(8). 



Also each of them is equal to 

//d^ ds_dx <£sy ((£y ds _dji (£sy /d^d8_dgdW 
V U** dt dt de) ■*" \df dt dt df) "*" U*' dt dt de) 



(ds\ //d^V . (d^yy fd^y /dV\» 
[dtJ V Uf / \de) "^ W) \df) 

where p is the radius of absolute curvature. 

Hence 

f-(S)"-@)'-@y-(S)" <^'' 

or if « be taken as independent variable, 

1 /d'x\' - /dW , /d*zy ,, _, 

Equation (9) or (10) gives p, and equations (7) and (8) 
give x\ y\ z' the co-ordinates of the centre of absolute cur- 
vature. 
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130. The results of the last article can be obtained by 
means of the formulae proved in Article 123. 

For if Stfbe the arc between two points of a curve, 6 the 
angle between the tangents at those point^j and \ fi, v\ 
\', fi\ V the direction-cosines of those tangents, we have 

p=limit-^, 

when & is indefinitely diminished. 

Also if Z, 77i» n be the direction-cosines of the principal 
normal, we have 

Z= limit of 5 (\'-\') cosec^ 



Similarly 









e 






s limit of 


St- 0- 


2 

sin 2 


dK 


dV 
"^^• 


m 






*»/> 


dfi 
'ds=f 


d'y 


n 






= P 


dp 

ds=P 


d'z 
da'- 



But also by Art. 6 if x\ y\ z' be the co-ordinates of the 
centre of absolute curvature, 

z-z=np = p*-^, 
whence squaring and adding and dividing by p*, we get 



p \ds J \m J Vos*/ 



/ 
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131. To find the centre and radius of spherical curva-* 
ture. 

The centre of spherical curvature is the point in which 
three consecutive normal planes intersect. 

If ^ (^) = be the equation of any normal plane, the line 
of intersection of this with the consecutive plane is given by 

^(0 = 0, and F'(t)^0 (1). 

And if F(t^) = 0, F' (tj = be the equations of any other 
line of intersdfction of consecutive normal planes, at the point 
of intersection of these two lines, 

^'<^>:fffl=o (2). 

And ultimately when t = t^ the four equations give 

F (0 = 0, F' (t) = 0, 
and from (2) 

^".(0 = (3). 

But 



dt 



dt 



(^-y)^'+(^-)S-{|)'-« 



...(4). 



Tifffj\ /IT \ ^'^ . /Tr \d^y ,rr \d^z ^dsd^s ^ 

These equations determine X—x, Y-^y^ Z—z^ where 
X, F, -Z^are the co-ordinates of the centre of spherical curva- 
ture. We get from them 

(ds^ (dz^ d^ ^ dy d^z\ ,^ds dV (dy d^_dz cPy \ 
\dt)\dtd? didI)^i:tW\dide dtdfj 



X— 0?= • 



ax 



dy^ 

dt' dt' 

d^x d^y 

d^ d^ 

W df W 



dz 
It 
d^z 

de 

d'z 



(4) 
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and similar values for F— y, Z—z. The radius of spherical 
curvature J?, which 

is then known. 

132. To find the angle and radius of torsian at any poird 
of a curve. 

The angle of torsion (Se) is the angle between two con- 
secutive osculating planes. 

Let \, fifvhe the direction-cosines of the normal to one 
osculating plane; then those of the normal to the osculating 
plane corresponding to the value ^ + t of the independent 
variable will be 

^ . rfX. . da dv 

And the sine of the angle between these lines is (Art. 8) 



a/(^5^-" 



dt. 
But 



( d\ ^ dvY . A dfi dXy 



_ , /dz cPx dx <Z'a\ _ , fdx d^y _ dy d'x\ 
'^~ Wtde'Tt'^)' ^'"[dtJf'ttdej' 

, 1 _fdy^_dzdW f^d^_dx^\' 
wtiere ^- \^^^ ^ ^^ ^^j "^[dt d^ dt df) 

fdx ^_dy d'x\* 
■•" [dt df di df) ' 

dv_ dfi_j./dzd^x_dxd^z\/dxd^y_dyd!'x\ 
''''^di ^Tt~ W'd?~/cUdfJ\dtde~didfJ 

\dt df dt'de) Xldi'd^'did^)' 
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dx 

de 

cPx 



dy dz 
di' di 






df 



(1). 



Whence the sine of the angle of torsion becomes equal to 

dx dy dz 



'^^dt 



dt ' dit' dt 

d^x 
dt*' 

^z 



dt" dl? 



^ d"y 



(2), 



id the radius of torsion p. which is equal to the limit of the 
Qall element of arc hs divided by the angle of torsion is 
ven by the equation 

dy dz 



l = A^ 



dx 

di' di* di 

cPx cPy d^z 



df' 
'd?x 



a > 



dt 



d^y 



d1? 
d^z 



(3). 



df' df de 



133. It may be noticed that both the radius of spherical 
rvature and the radiuS of torsion become infinite if 



dx 
dt 

df 
d'x 



dy 
di' 

de 

d?y 



dt' de 



dz 
di 

df 

df 



= 0. 
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This is in fact the condition that four consecutive points 
of the curve should lie in one plane (see Art. 125). 

lAr e have fldso 

\dt df^ dtdf^ dt del 



_\dt) ... 

""T"- ^^' 

where p is the radius of absolute curvature. 

Hence if we denote the above determinant by the symbol 
A we have 

i--^ ■ (^)- 



■■ (a) 



EXAMPLES. CHAPTER IX. 

1. Find the equations of the osculating plane at any 
point of the curves 

(1) x^aQO%0y y = asm0, z = c0. 

(2) a^ + y-ry = 0, sf-^ry^r^. 

Find also the length of the arc of (1) between two points 
whose co-ordinates are given. 

2. The equations of a curve of double curvature being 
given, find the equation of the surface formed by making it 
revolve round the axis of z. 

Ex. £c=aco8 0,' y = asin^, z^c0. 
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3. A heKx joins two points, the distance between which 
is b, the angle between the tangent lines and the axis of the 
generating cylinder being a given angle a; prove that if the 
length of the helix is a maximum, the helix has a constant 

length, and that the radius of the generating circle is -x , 

where n is a positive integer. 

4. A curve is traced on a. right circular cylinder of radius 
a, such that if the cylinder were unrolled into a plane the 
curve would become a catenary whose axis formed one of the 
generating lines, and directrix the base, of the cylinder. 
Shew that 

az* __a2^ 

p, pj being the radii of absolute curvature and torsion, z the 
ordinate, 8 the arc measured from the vertex, and c the con- 
stant of the catepary. 

5. Find the equation of the osculating plane at any 
point of the curve given by the equations 

x+y + z=il, 

(ia?'\-by^ + cz^ = l. 

6. ■ Find the equations of a curve traced on a sphere so 
as to cut all the great circles passing through a fixed point 
at the same angle. 

7. Find the equations of the lines of greatest slope to 
the plane of xy on the surfaces 

(1) an/z = a\ 

(2) ^=a:+-log-^. 

8. Shew geometrically and analytically that if a «phere 
be described concentric with a given elUpsoid, the tangent 
line to the curve of intersection of the sphere and ellipsoid is 
"parallel to one of the principal axes of the central section of 
the ellipsoid which passes through that tavi^^^^i^ \\\i^^ ^ 
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Hence we have to get the envelope of the plane (2), a, ^8, 7 
being parameters connected by the relation 

4 + | + :^ = l (4). 

Using the method of undetermined multipliers we get to 
determine the envelope, 



whence 1 + XA; = ; 






and substituting in (2) the envelope becomes 

aV + 6y + cV = A;* (5). 

The surface represented by (5) is often called the reci- 
procal ellipsoid of that represented by (!)• 



EXAMPLES. CHAPTER X. 



•• 



1. Find the envelope of the series of plan.es 

where a, ^, 7 are parameters connected by the reilations 

a» + /3^ + 7' = l, 
loL + m^ + n7 = 0. 

^. Find the envelope of a sphere of constant radius 
which moves with its centre on a fixed circle. 

3. Find the envelope of central sections of an ellipsoid 
o! which one axis is constant and equal to k. 
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4. Find the envelope of planes which are the polai's of 
points on the ellipsoid 

-+^+-=1 

a c 
with respect to the ellipsoid 

t 9 S 

5. Find the envelope of a sphere of constant radius which 
moves with its centre in a fixed plane. 

6. Find the envelope of an ellipsoid whose axes are 
given in direction and the product of whose axes is constant 
and equal to 8^'. 

7. Find the envelope of the series of planes 

Ix + my + nz = Vf 

where I, m, n, v are parameters connected by the relations 

a S T^ 8 L2 "^ 9 2 ^* 

V —ar V — V — c 

8. Find the envelope of a sphere whose centre is at a 
point (a, 13, 0), and radius is 7 where a, /8, 7 are connected 

by the relation 

a« + ^ + 7« = A:», 

k being a constant. 

9. Find the envelope of the surface 

where a, /3, y are parameters connected by the relations 

aV /3» c* 



a, b, c being constants. 



o» b" 7* ' 
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9. Find the equations of a curve traced on a fiphere, such 
that the sum of the arcs of great circles joining any point on 
it with two fixed points on the sphere, the arc joining which 
is a quadrant, is constant. 

10. Find the equations of a curve traced on a sphere by 
a point which moves with constant velocity along the arc of 
a great circle while the great circle revolves with constant 
velocity round a fixed diameter. 

11. A point moves on an ellipsoid so that its direction of 
motion always passes through the perpendicular from the 
origin on the tangent plane to the ellipsoid at that point 
Shew that the curve traced out by the point is given by the 
intersection of the ellipsoid with the surface 

ficT^ y""* ^-* SB constant, 

I 

I, m, n being inversely proportional to the squares of the axes 
of the ellipsoid. 

12. Find the equation of a curve traced on a right cone 
which cuts all the generating lines at a constant angle. 

Find the length of the curve measured from the vertex. 

13. A straight line is drawn on a plane which is then 
wrapped on a cone. Shew that if p be the radius of absolute 
curvature of the curve on th0 cone at a distance r from the 

vertex 

where a is a constant. 

14. Find the values of the radii of absolute and spheri- 
cal curvature at any point of a belii^ 

15. Find the locus of the centres of spherical curvature 
of a helix. 

16. If, at any point of a curve, equal lengths & be 
measured along the curve and its circle of curvature, the dis- 
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tance between the extremities of these lengths is ultimately 
equal to 






p being the radius of curvature and a the radius of torsion at 
the point. 

17. Shew that the normal plane at any point to the 
locus of the centres of circular curvature of any curve bisects 
the radius of spherical curvature at the corresponding point 
of the original curve. 

18. If a curve be drawn on a right circular cone cutting 
all the generating lines at a constant angle ^, shew that the 
radius of absblute curvature at any point is to the correspond- 
ing radius of curvature when the cone is developed in the 

ratio of sin a to %/sin' a cos' fi + sin'* j8. 
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134. Let the equation of any swrb/ce be 

F{x,y,E,a)^0 <1), 

ip^here a is a constant If a be changed to a' we obtain the 
equation of another surface 

-F(^,y,«.a')-0 (2), 

differing from (1) in magnitude or position or both, but of the 
same general nature. 

These two equations will both be satisfied by the co- 
ordinates of all points in the curve of intersection of the two 
surfaces, and if we suppose the value of a' to approach indefi- 
nitely near to that of a, this curve of intersection approaches 
some limiting position. The locus of all such limiting positions 
for different values of a is a surface which is called the envelope 
of the surface (1). Its equation can be found in the following 
manner. 

At all points for which (1) and (2) are satisfied^ we have 

F{x, y, g, a)-F{x, y, g, a) _^ 
a —a 

But ultimately when a' becomes equal to a these equa- 
tions reduce to 

F{x,y,z,a)^Q (3), 

^F{x,y,z,a)^0 (4), 
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t^hich axe therefore the equations of the ultimate position of 
the curve of intersection of (1) and (2). Eliminating a be- 
tween (3) and (4) we obtain the equation of the locus of such 
curves, or the envelope of the surface (1). 

135. The curve given by the two equations (3) and (4) 
of the last article is called the characteristic of the envelope. 

If we take the equations of two consecutive characteristics 
and treat them as in Art. 131 we get, to determine their point 
of intersection, the three equations 

F{x,y,z,a)=^0, 

r'{x,y,z,a) = 0. 

If between these three equations we eliminate a we shall 
get two relations between x, y, z which are the equations of 
the locus of ultimate intersections of two consecutive charac- 
teristics. The curve so obtained is called the edge of regres-- 
sion of the envelope, or sometimes simply the edge of the 
envelope. 

Thus the line given by equations (4) and (5) of Art. (129) 
is the characteristic of the envelope of the normal planes to 
the curve, while the locus of the centres of spherical curvature 
is the edge of regression of the same envelope, 

136. We will now shew that the envelope obtained in 
Article 134 touches each of the series of intersecting surfaces. 

For suppose from equation (4) of that article we obtain a 
value of a, 

a = <f>{x,y,z). 

Substituting in (3), the equation of the envelope becomes 

F{x,y,z,<l>{x,y,z)}=^0 (1). 

_ tt^ dz 

The values of -r- and -r- at any point of this surface are 

given by the equations 



dE dFdz ^ dF fdif> 
dx dz 



dz dF/d<f} d4>dz\ _ ' 

dx d(f> \dx dz dx) ~ 

dF dFd^ dF/d^ d^dz\r. 

dy dz dy d<^ \dy dz dyJ " 



,(2). 



(3). 
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At any point of the sur&ce F {x, y , -e^, a) = the values of 
-, and -J- are given by the equations 

dF dF dz ^ ^ 
dx dz dx 

dF dF dz ^ 
dy dz dy 

But at the points where the envelope meets the surface 

F{x,y,z,a) = Q, 
we have 

a = <^(a?, y, z)and-^ = 0. 

dF dW 

Now TT only diflfers from -r- in having ^ (a?, y, z) instead of 

a, consequently at all the points of intersection of the surface 

F{x,y,z,a)^0 

dF 

with the envelope, ^ = 0,and the equations (2) become iden- 

dz dz 

tical with equations (3). The values of -7- and -p being the 

same for the surface and its envelope, the two surfaces toucL 

137. If the equation of a surface be 

F{x,y,z,a,b)^0 ....(1), 

when a and b 9xe constants, any two other surfaces formed by 
giving new values to a and h will intersect (1) in a point or 
points, which assume a limiting position when the new values 
of a and b approach indefinitely near to their first values. 
The locus of such limiting positions is called the envelope 
of the surface (1). 

Let a and b become a + A, b + k respectively. The equa- 
tion of the corresponding surface is 

F{x,y,z,a+h,b + k)=^0, 

OT F{x,y,z,a,b) + hF {a-{-0h) + kF' {b'\-0k)^O...{2), 
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where ^ is a proper fractioa and F' {a + Oh) means that 
F (x, y, z, a, b) has been dififerentiated with respect to a, and 
a+ 6h put in the result for a. 

At the points of intersection of (1) and (2) we have 

F{x,y,z,a,b) = ] . 

hr{a+eh)+kr(b+ek) = o} ^ ^' 

and whatever be the ratio of h to k, when h arid k are di-r 
minished indefinitely all the curves of intersection given by 
(3) pass through the points given by 

By eliminating a and b between these equations we obtain 
the equation of the envelope, 

138. The envelope in this case also touches each of the 
series of intersecting surfaces. For let the equation of one 
of the surfaces be 

F(x,y,z,a,b) = (1). 

The corresponding point on the envelope is given by (1) com- 
bined with 

dF_Q dF_ . 

From (2) we can obtain by solving for a and 6 

and the equation of the envelope becomes 

F[x,y,z,<f>^{x,y,z), ^^{x, y, z)]=0. 

dz dz 

The values of -j- and -y- for anv point of the envelope 

ax ay ** ^ ^ 

are given by the equations 

dF 
dx 



j.^dzdF^ (d^.d^ dA.dF fd^ #2 dz\ _ 
dz dx d(f>^ \ dx dz dx) dcp^ \ dx dz dx) ~~ ' 



^y, ^ ^ ^\ ^ 0. 



dF dF dz dF/d4>^ d<f>^ dz\ dF /rf^, 

dy dz dy d<f>\dy dz dy) d<f)^\dy ' ot» doj/ 

A. G. W 
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But at the points where (1) meets the envelope 

consequently at those points -^ = 0, -r-j- = 0, and the above 

equations become 

dF dF dz ^ 

dF dF[ dz^ 
dy dz dy" ' 

Avhich are the same as the equations which give -r- and -r 

for the point (a?, y, z) of the surface (1). Hence at the points 

where (1) meets the envelope the values of -r- and -j- are 

the same for the surface and the envelope, which therefore 
touch one another at those points. 

139. If the equation of a family of surfaces contains n 
arbitrary constants connected by (w — 1) equations there is 
really one independent constant, and the envelope can be 
found by substituting for (n — 1) of the constants their values 
in terms of the n^K It is better in general to consider 
(n — 1) of the constants to be functions of the n^, and dif- 
ferentiating all the equations to eliminate by undetermined 
multipliers. 

If the n constants be connected by {n — 2) equations, two 
of the constants are arbitrary, and the envelope falls under 
the second class. The method of undetermined multipliers 
can be used in this case also. 

For. examples of the solution of problems the reader is 
referred to Todhunter's Differential Calculus, Chapter xxv., 
the methods employed there being equally applicable to the 
problems ofSoM Geometry, 
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140. The polar plane of any point (a, ^, 7) with respect 
to any quadric can be obtained as in Art. 106. If the point 
(a, fi, 7) be constrained to lie on any given surface 

f{x,y,z)^0 (1), 

the equation of its polar plane will contain three parameters 
a, P, 7 connected by one relation 

/(a,A7) = 0. 

The equation of its envelope can therefore be found by 
the methods of Art. 137. 

Suppose this equation to be 

<^(a?,y,^)=0 (2). 

Then any point (a', ^', 7') in (2) is the limiting position of 
the point of intersection of the polar plane of some point 
(a, ^, 7) on (1) with the polar planes of points on (1) adja- 
cent to (a, /8, 7). Hence by Art. 106 the polar plane of 
(a', p y 7') with respect to the given quadric must pass 
through the point (a, ^, 7) and other points on (1) contiguous 
to (a, /8, 7), that is the polar plane of (a', ^', 7') is a tangent 
plane to (1) at (a, /8, 7). Thus the surface (1) is the en- 
velope of the polar planes of all points on (2) with respect 
to the same quadric. The two surfaces are from this pro- 
perty called reciprocal polars. 

Each surface may be also defined as the locus of the 
poles of the tangent planes to the other with respect to the 
given quadric. 

141. Let the quadric with respect to which the polars 
are taken be the sphere, 

a:«+2^ + ^ = A;» (1). 

The equation of the polar plane of any point (a, j3, 7) with 
respect to this sphere is 

ax + ^y + ryz = J(? (2), 

Let the surface to be reciprocated be the ellipsoid 

— 4.2^-*. — -t (^\ 

a c 
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Hence we have to get the envelope of the plane (2), a, j8, 7 
being parameters connected by the relation 

7+f4-^-" » 

Using the method of undetermined multipliers we get to 
determine the envelope, 

a o c 

whence 1 + 7d? = ; 

and substituting in (2) the envelope becomes 

aV + 6y + cV = A;* (5). 

The surface represented by (5) is often called the reci- 
procal ellipsoid of that represented by (1). 



EXAMPLES. CHAPTER X. 

■* 

1. Find the envelope of the series of plan.es 

OKB + ^y + 7« = 1, 

where a, ^, 7 are parameters connected by the relations 

a» + /3* + 7' = l, 
loL + w/8 4- n7 = 0. 

^. Find the envelope of a sphere of constant radius 
which moves with its centre on a fixed circle. 

3. Find the envelope of central sections of an ellipsoid 
of which one axis is constant auid eqviaL to fc. 
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4. Find the envelope of planes which are the polars of 
points on the ellipsoid 

x.^ — I =1 

^s "^ w ~ ^a > 

with respect to the ellipsoid 

t S 3 

5. Find the envelope of a sphere of constant radius which 
moves with its centre in a fixed plane, 

6. Find the envelope of an ellipsoid whose axes are 
given in direction and the product of whose axes is constant 
and equal to 8^'. 

7. Find the envelope of the series of planes 

i» + my + nz = Vf 

where Z, m, n, v are parameters connected by the relations 

P + m" + w* = l, 



8. Find the envelope of a sphere whose centre is at a 
point (a, ^, 0), and radius is 7 where a, fi, y are connected 

by the relation 

k being a constant, 

9. Find the envelope of the surface 

^4.2^4.-^-1 

where a, ^, 7 are parameters connected by the relations 

a« " 6^ ~ 7^ ' 
a, b, c being constants. 
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10. Find the envelope of all planes which cut off a 
constant volume from the co-ordinate axes. 

11. Find the envelope of a series of planes which move 
so that the perpendicular on them from the origin is constant 
in length. 

12. Find the envelope of a series of planes which move 
so that the area of the section of an ellipsoid made by any 
one is in a constant ratio to the area of the parallel section 
through the centre of the ellipsoid. 

13. Find the envelope of a sphere of constant radius 
which moves with its centre on a fixed sphere. 

14. Find the envelope of the plane 

^2 f J2 + ^ A, 

when a, /8, 7 are connected by the relations 

^+^4.^-1 
^i -i- j» f ^ - -i, 

1% 4- ififiP + 717 = 1. 

15. Through a given point (a, y8, 7) a series of chords 
are drawn to an ellipsoid whose equation is 

in such directions that the line of intersection of the tangent 
planes at the extremities of each chord is perpendicular to 
that chord. Prove that the envelope of the lines of inter- 
section of the tangent planes is a parabola which is the 
intersection of the polar plane of (a, 13, 7) with the cone whose 
equation is 

a c 



CHAPTER XL 

ON FUNCTIONAL AND DIFFERENTIAL EQUATIONS OF 

FAMILIES OP SURFACES. 

142. To find the general equation of conical surfaces, 

A conical surface is generated hy a straight line which 
always passes through a fixed point and meets a fixed curve. 

Let (a, )8, 7) be the fixed point, and let the equations of 
any generating line be 

a»-a^ y-^ ^ g-ry 

Let the equations of the curve through which (1) always 
passes be 

y==<f){x), z = ylr{x) (2). 

Since (1) always meets (2) we have 

7+ J(x-a)=='^|r{x). 

And eliminating x between these equations, we shall get 

7% Tn 
a relation between -j and j , which can be put into the 

form 



n -n(m\ 
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whence the equation of the cone becomes 

'.:il^F(y^ (3). 

This is the functional equation of conical surfaces. In 
all cases it is clear that the equation is homogeneous in 
a? — a, y — ff, « -- 7 ; in fact the result we have obtained is 
the analytical statement of the fact that the equatioa of 
any conical surface whose vertex is at a point (a, ^, 7) is 
homogeneous in a? — a, y — A « — 7 ; an extension of the 
result of Art. 34. 

A differential equation holding for all such surfaces can 
be deduced thus. 

From (3) dififerentiating with respect to x, 

ax \x-aj \x — a/ \x — aj 
and with respect to y, 

dy xx — aJ 

dz « — 7 y — fidz 

143. To find the general equation of cylindrical surfcces. 

A cylindrical surfcice is generated by a straight line which 
moves always parallel to itself and meets a fi^ed curve. 

Let Z, m, n be the direction-cosines of any one of the 
generating lines, and 

^-.Z=i!.?^ = , ,„ 

I m, n ^ ' 

the equations of the line. Let the equations of the directing 
curve be 

r=<^(Z), Z^yfr{X) (2). 

Since (1) meets (2), we have 

2/ + mr=<l>(x + lr), z + nr=^yfr{x + lr). 
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and by eliminating r between these two equations we get a 
relation between x, y, «, the co-ordinates of any point in any 
one of the generating lines, which is therefore the equation 
of the surface. 

The general form of the result is obtained thus. 
From (1) mX— lY^ mx — ly, 

r 

nY—mZ—ny — mz. 

But from (2) mX — lY and nY— mZ can ordinarily both 
be expressed as functions of X, and we can therefore deduce 
a relation of the form 

mX-'lY^^FinY-mZ)', 

.'. mx — ly — F {ny --mz) (3), 

which is the general functional equation of cylindrical 
surfaces. 

The dififerential equation can be deduced. For from (3), 
differentiating with respect to w, 

m = — mF' (ny — toz) -t- , 

and differentiating with respect to y 

, ^dz dz 

whence ^ -j- = w — w -^ , 

dx dy 

jdz dz ... 

^di+'"d^=" (^)- 

If the direction of the generating line of the cylindrical 
surface be parallel to the axis of y we have Z=0, m = l, 
11 = 0, and equation (3) becomes 

x^F^-z) or f(x,z) = (5). 

Any equation of this form represents therefore a cylin- 
drical surface whose base is the curve of which (5) is the 
equation regarded as an equation restricted to the plane 
of zx. . 
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Similarly the equations 

/(^. y) « 0, 
/(y, ^) = 0, 

represent cylindrical surfaces whose generating lines are 
parallel to the axes of z and x. 

These results are obvious also from general consider- 
ations. 

144. To find the general equation of conoidal surfaces, 

A conoidal surface is a surface generated by a straight 
line which aJ/ways meets a fi^xed straight line, is parallel to a 
fi^xed plane, and meets a fixed curve. 

Let the equations of the fixed line be 

and let the equation of the fixed plane be 

ra? + m'y + n'£j = (2), 

The co-ordinates of any point in (1) can be represented 
by a + ir, )8 + wr, 7 + wr, and the equations of any straight 
line through this point are 

x — a—lr ^y —^ —mr ^Z'-y^-nr .^. 

\~ 'ii V ^^^\ 

If this be parallel to (2), we have 

\r + /Am' + i/w'=rO (4). 

From (3) and (4) 
. I (a?- a) +m! (y- fi)+n'(3'-y) = (K' + mm* + ww') r...(5), 

and from (3) eliminating r 

nX — lv _ w (a? — a) — Z (j» — 7) , . 

n/M'-mv" n(y—l3)—m(z-'y^ '"* ^ '* 

Now the condition that the straight line (3) may meet the 
fixed curve, combined with (4), will ordinarily enable us to 
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xpress - and - as functions of r, and consequently we can 
rrive at a result of the form 

^ "" ^ = F [ill! + mm! + nn) r}, 
►r 

vhich is the general functional equation of conoidal surfaces. 

If the fixed plane be taken as the plane of xyy and the 
)oint where the fixed line meets it as the origin, we have 

Z' = 0, 77i' = 0, w'=l, a = 0, /3 = 0, 7 = 0, 
tnd the equation (7) becomes 

-^?^::^=^(z) (8). 

If the fixed line be perpendicular to the fixed plane 

Z=0, m = 0, w=l, 
md the equation of the surface becomes 

- = F{z), 

y 

^=tQ '• (9). 

In this case the surface is called a night conoid, 

145. The differential equation of conoidal surfaces can be 
leduced from (7) i for differentiating it with respect to x, we 
lave 
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and differentiating with respect to y, we have 

~ {n(y-/S)-m(«-7)r 

= (m' + «'^) F' {r(a;-a) + m'(y-)8) +«'(^-7)l. 

and reducing and eliminating 

F{r(aj-a) + m'(y-/3) + n'(;5-7)} 
we obtain 

or tr^ [n{y — P) — ffi(« — 7)} + r{n(a!— a) — Z(» — 7)} 
+ ^[m'{m(a;-a)-%-/9)}+«'{»(a;-a)-?(«-7)}] 

+ ^ [«' {" (y-^) -m(^-7)l + T {I (y-/3) -m (a;-a)}] =0. . .(10). 

The differential equation corresponding to equation (8) is 
obtained by putting 

a = 0, /8=0, 7 = 0, r = 0, m' = 0, w' = l, 

and is therefore 

(w^-^^)^+(^y-^)^=o (^^)- 

The differential equation of a right conoid is obtained 
from (11) by putting 

Z = 0, m = 0, w = 1, 

and is therefore 

dz dz ^ ,^ ^. 
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The forms (11) and (12) can of course be obtained di- 
rectly from (8) and (9) by diflferentiation. 

For instance from (9), differentiating with respect to x, 
we have 

dx y^ \yj* 
and differentiating with respect to y, 

dy f^ W' 

whence eliminating '^' (-), we have 

dz , dz ^ 
"'^ + 2'^ = °- 

^ 146. The three classes of surfaces we have considered 
are all included in the general class of ruled surfaces, that is, 
surfaces which can be generated by the motion of a straight 
line. The first and second differ from the third in this, that 
any two consecutive generating lines in any surface of the 
first or second classes lie in one plane, whereas this is not 
in general the case with the third class. Euled surfaces 
in which consecutive generating lines lie in one plane are 
called developable surfaces, while all other ruled surfaces are 
called skew surfaces. Thus the surface generated by the 
ultimate intersections of the normal planes to a given curve 
is developable. 

Developable surfaces are so named for the following 
reason. Let a series of consecutive generating lines be 
drawn. The plane which passes through the first and 
second line intersects the plane which passes through the 
second and third line in'the second line. The first plane may be 
turned round the second line till it coincides with the second 
plane, and thus three generating lines of the surface can be 
made to lie in one plane. Again, this plane can be turned 
round the third line till it coincides with the plane which 
passes through the third and fourth lines, and so four con- 
secutive lines can be made to lie in on^ ^\^\i'^. \xl nJkssss* 
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manner the whole surface can be developed so as to lie in 
one plane without tearing. 

Since any two consecutive generating lines of a develop- 
able surface lie in one plane, any such surface may be pro- 
duced by the ultimate intersections of a series of planes, and 
since any two consecutive planes intersect in a line on the 
surface, the equation representing any one of the series can 
only involve one arbitrary constant (Ait. 134). 

147. Let the equation of one of the planes be 

Ax + By+Cz-D = (1). 

Then since the equation only involves one arbitrary con- 
stant, A, By C, D must be functions of one constant which 
we may call a. Thus equation (1) may be written 

^<^i(a) + #,W+'8^<^8(«)-*4(a) = (2). 

and the envelope is found by eliminating a between (2) 
and the equation obtained by diflferentiating it with respect 
to a, viz. 

«"!>: (=<) + #; («) + ^<As' w - <a; («) - (3). 

To obtain the general differential equation of developable 
surfaces we must differentiate (2), considering a as a function 
of X, y, z determined from (3). 

Differentiating with respect to a?, we get 

+w/w+y<A;(«)+-^.'(«)-<^;w}{g+||}=o. 

Hz 

or by (3), ^.W + ^<A.W-0 (4). 

Similarly, differentiating with respect to y, we get 

^.(«)+|^.(«) = (3). 
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Eliminating a between (4) and (5), we get 

i=/(i) ■•(«'■ 

and differentiating again with respect to x and y in turn, 
we get 

cPz_jyfdz\ (Tz 

dof'^ \dy) ' dxdy* 

d^z _ -, fdz\ d^z 



dxdy 

And eliminating /* ( j~)* '^^ g^^ 

d^z d^z ( d?z 



y=o, 



djO? ' dy* \dx dy^ 
which is the differential equation of developable surfaces. 

148. To find the general equation of surfaces of re- 
volution, 

A surface of revolution is the surface produced by the 
revolution of a plane curve round a fixed straight line in its 
plane called the axis of revolution. 

Let the equations of the axis of revolution be 

^^y^^z-y 

I m n ^ ^ 

And let y=^f{x) be the equation of the revolving curve 
when the axis of revolution is taken as the axis of x, and 
the point {a, ^, y) as origin. Let P be ajiy point on the 
surface, PR perpendicular on the line (1), and Q the point 
(a, ff, 7). Then from the definition of a surface of revo- 
lution, 

PR^fiRQ) (2). 

But RQ -l{x - a) ■\' m [y - P) + n{z "i), 

since it is the perpendicular from Q on a plane through P 
perpendicular to (1), and 

PB? = (a; -a)« + (y - ^)« + {z-if 

- {i (« - d) + m Caj - P^i -V v.^ - »^ . 
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Hence 
(^-a)'+(y-i8)»+(2r-7)»={Z(a;-a) + m(y-i8) +71(^-7)1' 

+ [/{Z(aj-a) + m(y-/8) + 71(^-7)}]', 

or (a;-a)«+(y~)8)*+(2r-.7)« 

=:^{Z(a?-a)+m(y-^) + «(^-7)} (3), 

which is the functional equation of surfaces of revolution. 

The diflferential equation can be thus deduced. 

DiflFerentiating (3) with respect to x we get 

2{(^-a) + (.-7)|} 

= |i + 7* ^1 <^' {^(«- a) + m (y-^) +71 (^ - 7)}, 

and differentiating with respect to y 
2{(y-^) + (.-7)|} 

= j 771 + 71 ~ ^ <^' (Z (a; - a) + Tn. (y - /8) + n (2r - 7) }. 

Eliminating ^' and reducing, we get 

' dz 

m{x-a)-l(t/-fi) + {m{z-y)-n(i/-fi)}^ 

+ {ni:c-Oi)-liz-y)}^ = ....(4), 

which is the differential equation required. 

149. The conditions that the general equation of the 
second degree should represent a surface of revolution, can 
be obtained either from the functional or differential equa- 
tion of the last Article. We will obtain them from the func- 
tional equation. 
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Let the equation be 
Aa? + By^ + Gi^ + 2^> + 2ffzx + Wxy 

+ 2A'x + 2Wy + 2G"z + F = (1). 

If this equation represents a surface of revolution it can 
be put into the form 

+ Q{lx + my^^nz) + R (2), 

where P, Q, R are constants. This is evident from the 
considerations that the right-hand member must be some 
function of 

Z (^ - a) + m (y - )8) + w (^ - 7), 

or of i» + my + n^: — (Za + m^ + ^7), 

and that it, cannot contain x, y, z to a higher degree than 
the^ second. Making the equations (1) and (2) identical, 
we obtain from the terms of the second degree 

PP'-l^kA (3), Ihin^kA' (6), 

Pm»-.l=i£ (4), Prd^lcF (7), 

Pn»-l = ;t(7 (5), Flm^JcC (8), 

where k is some constant. 

Multiplying (7) by (8) and dividing the product by (6), 

we obtain 

fypf 

^^■.A.l.?:^-B.^.O. (9). 



• • 



A' k M' C 

These are the conditions which must be satisfied by the 
coefficients of the equation. 

The relations which must subsist between a, )8, 7 are ob- 
tained by equating the coefficients of the terms of the first 
degree in (1) and (2). We thus obtain 

Qi + 2a = 2JcA'\ 
Cm + 2/9 = 2kB'\ 
g7H-27 = 2iC", 

A. a A.^ 
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Whence Mlfl^Wjll^^^lz^ (10). 

But ]7^ ="^' =^^P' and A; is given by (9). 

The three e<][uations (10) being the relations which 
a, I3f 7 must satisfy are the equations of the axis of re- 
volution. 

150. The preceding investigation fails if the quantities 
-jT--A, -g7--^, -^7 — C; vanish, 

for then k is required to be infinite. 

We know that the equation (1) in this case represents a 
parabolic cylinder, or two parallel planes (Art. 91), conse- 
quently the surface cannot be a surface of revolution. 

The investigation also fails if A\ B\ or (7 vanish. Sup- 
pose -4' = 0. From equation (6), mn = ; .'. m = orn = 0, 
and therefore, B* or (7' must vanish also. Suppose » = 0, 
and therefore B' = 0, we get then 

PJm^kG\ 
A;a=-1, 
and (1 +M)(1 + TcB) = P'Pm* = 1<?C^ ; 
/. {C--A){C^B)^C\ 

which with JS' = is the condition required. The other 
exceptional cases can be treated in the same way. 

151. The differential equations of the different classes of 
surfaces can be put into a more symmetrical form by the sub- 
stitutions 

dF dF 

dz^^dx dz ^ dAi 
dx" IF' dy ^' 
dz dz 
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and corresponding substitutions for the second differential 
coefficients of z, the equation of the surface being assumed 
to be 

Thus the differential equation of cylindrical surfaces 
becomes 

y dF dF dF ^ . 

ax ay dz ^ ^ 

The equations can be more conveniently used in this 
form to discover whether a surface whose equation is given- 
belongs to the peculiar class considered. 

For instance, if the surface be cylindrical, there must be 
some values of I, m, n which shall make the expression 

jdF^ dF ^ dF .^. 

6-T— + m-j- + w -7- (2) 

ax ay dz ^ 

vanish identically for all values of x, y, z corresponding to 
any point on the surface. 

The conditions that this may be possible will be that the 
coefficients of the several powers and products of x^ y, z in 
(2) must vanish for the same values of i, m, n. 

The differential equations can be found independently of 
the functional. For instance, equation (1) is the algebraical 
statement of the fact that at all points of the surface 

F(x,y,z)^^, 

a straight line whose direction-cosines are I, m, n is a tangent 
line to the sur&ce, a condition obviously satisfied by cylin- 
drical surfaces only. 

In the case of conical surfaces we at once obtain the dif- 
ferential equation 

(-.)S+(y-«f-K.-7)f = o. 

from the consideration that the straight line joining any 
point {Xy y, z) with the vertex is a tangent line to the surface 
at the pomt {x, y, z). 
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1. Shew how to find the functional and diflFerential 
equations of a tubular surface, that is, a surface which is the 
envelope of a sphere of constant radius which moves with its 
centre on a fixed curve. 

2. Prove that the surface 

a^+y^+z^-- Sxyz = a* 

is a surface of revolution round the line a? = y = ^. Find the 
equation of the generating curve. 

3. Find the equation of a conoidal surface of which the 
generating lines pass through the axis of z and are parallel to 
the plane of ooi/y and whose directing curve is a circle with its 
centre in the axis of x and its plane parallel to that of yz. 
(The Cono-Cuneus,) 

4. Find the equation of the surface generated by a 
straight line which passes through two fixed straight lines 
at right angles to each other, and also through a circle 
whose plane is parallel to each of the straight lines and 
whose centre is at the middle point of the shortest distance 
between them. 

5. Find the equation of the surface generated by a 
straight line which always passes through the axis of z and 
some point of the curve 

a? = a cos 0, y = a sin ^, z = cd; 

and is parallel to the plane of xy. 

6. Find the equation of the surface generated by the 
tangent lines of the curve 

a; = a cos ^, y = a sin ^, z=^ c0. 

7. Find the equation of a conical surface whose vertex 
is at any point on the surface of a sphere, and whose base is 
a small circle of the sphere. 
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Find also the curve ia which the cone is cut by a plane 
through the centre of the sphere perpendicular to the dia- 
meter through the vertex. 

8. Find the equation of the surface generated by the 
revolution of a circle round a straight line in its own plane 
which does not cut it. 

9. Prove that all tangent planes to the surface in the 
last question which pass through its centre cut it in two 
circles. 

10. A fixed straight line AB ineets a fixed plane in A. 
A straight line AP moves so that the sine of the angle which 
it makes with AB bears a constant ratio to the sine of the 
angle which it makes with the fixed plane. Find the surface 
generated by AR 

11. Find the conditions that the surface 
Aal" + Bf + Cz" + ^Ayz + 25 «aj + 2G'xy 

+ 2A"x + 2B"y + 2C"z + i^= 
may be a cylindrical surface. 

12. Shew that with the notation of Art. 100 the con- 
dition that the surface F{x, y, z) = may be develop- 
able is 

+ 2 VW{v'w - uu)+2WU{wu - vv') + 2 C^F(ttV-w?M?')V=0. 

Deduce the conditions that the surface in (11) may be 
developable. 



13. Find the equation of the surface generated by all 
the normals drawn to an ellipsoid 



- 4. -2- 4- 1 — 1 
-.2 T* L2 ' ^2 ^f 



at the points where it is cut by the cone 

a b c ^ 

- + -+- = 0. 
X y z 
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14. A surface is generated by a straight line which 
passes through the axis of z, and the line x = a, j? = ; re- 
maining parallel to the plaae y^^kz. Shew that its equa- 
tion is a? (y — A:«) = ay. 

15. Describe the general nature of the surfaces repre- 
sented by the several equations 

(1) /(r, 6) = 0. (2; /(r, ^) = 0. (3) /(d, if,) = 0. 

16. Examine the nature of the surfaces represented by 
(1) 1^ = a* cos 2^. (2) r' = a"cos2^. 

17. Find the equation of a cylindrical surface having 
one central circular section of an ellipsoid for its guiding 
curve, and its axis perpendicular to the other circular 
section. 

18. With the axis of 2; as axis a series of helices are 
described, all intersecting two given curves ; prove that the 
functional equation of the surfaces generated is 

i8iir'^ = z . Fia^ + y") +f{a^ + f), 

and that the differential equation is 

, d^z ^ ef^? - d^z dz . dz 

19. A candle is placed at a given distance in front 
of a plane vertical circular mirror on a line perpendicular 
to the plane of the mirror through the extremity of its 
horizontal diameter; shew that the boundary of the re- 
flected light which falls on a wall of which the plane is per- 
pendicular to that of the mirror is a parabola, and deter- 
mine its latus rectum. 

20. A straight line AB moves on two fixed straight 
lines not in the same plane so that the portion between 
the lines subtends a right angle at a fixed point 0. Prove 
that the locus of this line is a skew surface of the second 
order. 
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21. Obtain the differential equation of surfaces of revo- 
lution from the consideration that at every point of such 
surfaces one tangent line is perpendicular to the plane con- 
taining that point and the axis of revolution. 

22. Shew that if a section of a right conoid whose 
generating lines are parallel 'to the plane of xy be made 
by any plane parallel to that of xy, the normals at points in 
the Unes of section will meet the plane oi xy m concentric 
hyperbolas. 

23. Prove that the general functional equation of the 
surfaces generated by a circle which always touches the axis 
of z at the origin may be written in the form 

^* + 2^ + ^* = 2c^/(|), 

and that the differential equation is 
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ON FOCI AND CONFOCAL QUADRICS. 

152. A FOCUS of a conic section is a point such that the 
distance of any point on the curve from it can be expressed 
as a linear function of the co-ordinates of that point. 

There are certain points which have analogous properties 
in reference to quadrics, and which may therefore be called 
foci of quadrics. 

153. For instance the equation of the ellipsoid is 

-.+t+i=i (1). 

a be ^ 

where we will suppose a, b, c in descending order of magni- 
tude. Also let e^, e^, e^ be the excentricities of the sections 
of (1) by the planes of yz, zx, xy respectively. 

The co-ordinates of the focus of the section by the plane 
of xy are ae^, 0, 0. The square of the distance of any point 
(^> Vi ^) i^ (1) from this focus 

= ^(l-g)-.2a.3^ + a«-^V 

= (V~«) — i- 

= {e^ — e'z — a){ejfc + ez — a), if e = — ^ . 

c 
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Hence the square of the distance of any point on (1) 
from the focus of the section of (1) by the plane of xy is 
equal to the product of two linear functions of the co-ordi- 
nates of the point. 

Or, geometrically, we may say that the square of the 
distance of any point on the quadric from the focus of the 
section of the quadric by the plane of xv, is proportional to 
the product of the distances of the point from two planes 
whose equations are 

« 

Cga? — e'-2r — a = (2), 

e^x-\-eZ'-a^O (3). 

These two planes intersect in a line whose equations are 
-sr = 0, e^a: — a = 0, that is in the directrix of the section of 
the quadric by the plane of xy. 

Similar properties hold for the foci of the sections of the 
quadric by the planes of yz and zx, but in these cases the 
two planes corresponding to (2) and (3) arei impossible, 
though their line of intersection is real. 

154. These points are not however the only points which 
have the same property. We will examine the conditions 
which must be satisfied by the co-ordinates of any point, in 
order that the square of its distance from any point on a 
given central quadric, may be proportional to the rectangle 
contained by the distances of the latter point from two 
planes, real or impossible. 

If a, /8, 7 be the co-ordinates of such a point, we must 
have the expression {x — a)^ + (y — fif -^{Z" yf identically 
equal to 

for all values of a?, y, z which satisfy the equation of the 
(luadric; a\ /S', 7' being the co-ordinates of any point in the 
line of intersection of the planes. 
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Let the equation of the quadric be 



(1). 



Then the equation 

(aJ-o)'+(y-/8)*+(^-7)' 
-{Z(a:-a')+m(y-)30+n(z-7')} [V{x-d)+m!{y-P)+n'{ii-i)\=-(i (2) 
must be satisfied by all values of x, y, z which satisfy (1). 

This can only be the ease when the two equations are 
identical, and as first conditions for this the coefficients of 
yz^ zx and xy in (2) must vanish. We thus get 

mn + nm = 0, nV + nl = 0, Im + Xm = 0, 
which can only be satisfied by one of the sets of conditions 



or 



vfi n 
m = 0, m' = 0, - = — y , 

t vri 
W = 0, w' = 0, T = 



(3). 



X 



If we take the second set of these equations and put 



Y = k, the equation (2) becomes 
{x-ay+<i/-fiy+{z-yy-kP{x-(iy+kn''{z-yy=0 (4). 

Comparing the remaining tenns of the second degree 
with those in (1) we obtain 

l-kP _ 1 l + kn* 
A ~ B~ C ' 



or 



kl' = l-^, kn*=^-l 



(5). 
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And by comparing the terms involving a?, y, z, and the 
constant term in (4) with the corresponding terms in (1) we 
have 

a-HV=0, /3 = 0, 7 + A7iV = (6), 

a» + i3» + 7»-A:i»a" + A/iV' = -;^ (7). 

And substituting for a', 7' from (6) in (7) we obtain by help 
of (5), 

of f/ 

T-r-'ri^' ^'^• 

The equation (8) combined with ^ = gives a conic 
section in the plane of zx, all the points on which may be 
considered as foci of the quadric. This curve is called a focal 
conic of (1). 

155. The equations (6) give values of a' and 7' cor- 
responding to any particular focus (a, j3, 7). These values 
determine the position of a straight line which we may call 
the directrix corresponding to that particular focus. 

The directrices corresponding to the diflferent foci lying 
on the conic (8) all lie on a cylinder whose equation will be 
found by eliminating a and 7 between (6) and (8), to be 

156. The other conditions in (3) will similarly give us 
two other focal conies in the planes of xy and yz whose 
equations are 

T^+r^=i C9>' 

A C B C 

Tzi^tH-' (!«)• 

BACA 
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and corresponding to any focus there will be a directrix per- 
pendicular to the plane in which the focal conic lies. 

Of these conies, whatever be the signs and relative mag- 
nitudes of J., J?, Cy one will be an ellipse, another an hyper- 
bola, and the third an impossible locus. 

157, For instance, in the ellipsoid whose equation is 

2 ~ O • 2 ^ ••"# 

a c 
the equations of the focal conies will be 



aj» y _ 



-J ^+ 18 ^ ~1 i^ ^'^ plane oi x\j, 



c? ^ 



-g L2' 2 1.2 '"'■'■ •••••••••••••••••••• Z%^ 

And if we assume a, 6, c to be in descending order of mag- 
nitude, the first of these is an ellipse the extremities of 
whose axes are the foci of the sections of the original 
ellipsoid by the planes of yz and zx\ the second a hy- 
perbola with its real axis in the axis of x^ the extremities 
of this real axis being the foci of the section of the ellipsoid 
by the plane of xy : while the third is altogether an im- 
possible locus. 

Similar results may be obtained for the two hyper- 
boloids, 

158. The focal conies of a cone 

Ax^^By^^Gs?^^ (1) 

can be deduced from those of a central quadric 

Ao^-vB^^Cz^^X (2), 

hjr putting X equal to zero. 
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ABC 

The focal conies of (2) would be, writing ~ , — , - in- 

A* A* A» 

stead of A, B, C in the formulae (8), (9), (10) of Articles 
154 and 156, 



A* A* A. A. 

A~B C~B 



A» A* A» A» 

2~C B~C 



A» A» A» A» 

B^A G^A 

Or, multiplying these equations by \ and then making X 
to vanish, the focal conies of the cone (1) become 



1_1 i_l 
A B C B 



1-1 1_1 
A G B C 



Of these, whatever be the signs of 

11 J^l^ 1^1 

B C G A' A B' 

one will give two straight lines, and the other two give a 
point, the vertex. 

159. To find the focal conies of the paraboloid 

%'+ Cz'^x .(J-V 
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we must as in Art. 154 make the equation (1) identical with 
(x-a)«+(y-/S)«+(^-7)« 

The first conditions for this identity are the same as 

equations (3) of Art. 154, and if we take the second of those 

V . 

conditions and put t = A;, equation (2) becomes as in that 

Article 

And since (1) contains no term involving a? and no con- 
stant term, we get 

and by comparing the remaining terms in the two equations, 
we have 

l + A;n' _l_ 2(a-A;PaO 

G "B i ' 

/3 = 0, 2(7 + foi'7') = 0; 
and thus we get for the locus of the foci the two equations 

ly. By" 



/3 = 0anda» + 7'..(a-2-i) +03^ = 0, 



or 



a^B BV ^b)\. 

and /8 = oj 

By taking the third of the conditions (3) of Art. 154 we 
shall similarly get another focal conic in the plane of ay 
whose equations are 

7=0, 

B^ __l( _1\ 

5^=^~ Gv 4(7; • 

The first of the conditions (3) of Art. 154 is in this case 
inadmissible inasmuch as (1) coivla\ii& xlo term involving a?. 
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Thus in this case the focal conies are two parabolas whose 
vertices are the foci of the sections of the surface (1) by the 
planes of xy and zx, 

160. Two central quadrics 

^'^+-py+av=i, 

will have the same focal conies if 

l-.l-l.--.Ji 1_1-JL_1 l_l_l..l 

B CB' C G A" C A' A B^A B!' 
or as we may write the conditions, if 

l-._l-l_JL-^-.l. 

A A^B B^D G" 

Two quadrics whose equations satisfy these conditions are 
called coafocal qiuidrics. 

Thus if the equation of an ellipsoid be 

^+^+^=1 (1). 

a be ^ ' 

all surfaces whose equations are of the form 

"^ +M^+:A=i (2). 



a* + k V + k d' + k 

where k is any quantity positive or negative, are confocal 
with the ellipsoid. 

161. If a, fi, 7 be the co-ordinates of any point, we can 
find the equation of a surface passing through (a, ^, 7) and 
confocal with (1) by determining k from the equation 

a^^k^b' + k^c' + k ^" ^•^^^ 

which is the condition thstt (2) should pass through the point 
(a, 13, 7). This equation is a cubic in k, of which it can be 
shewn that the roots are all real. There are therefore three 
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quadrics confocal to (1) which pass through the point (a, A 7), 
of which one can be shewn to be an ellipsoid, and the others 
to be hyperboloids of one and two sheets respectively. 

162. Any two confocal quadrics intersect at right angles 
at all points where they meet. 

For let OD, j/f zhe the co-ordinates of any point common to 
the two quadrics 

i44-' « 

0^ 1/ Z^ 

The equation of the tangent plane to (1) at the point 
(x, y,z)is , , , 

A^ B^ a '^'^''• 

And the equation of the tangent plane to (2) at the same 
point is 

x'x j/y z'z _ - , . 

ATlc'^BTk'^C + Jc'' ' ^^^• 

But from (1) and (2) by subtraction we obtain at all their 
points of intersection 

/p« y« ^ 

A{A + k)'^B{B+k)'^ C{C + k)"^' 

which is the condition that (3) and (4) should be at right 
angles to each other. 
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1. Find the equations of the focal conies of the quadric 

2. Find the equations of the quadrics confocal with the 
quadric 

which pass through the point (1, 1, 1). 

3. Find the locus of the points of contact of tangent 
planes drawn from a point in the axis of a? to a series of con- 
focal surfaces whose axes coincide with the axes of co-ordi- 
nates. 

4. Shew that the surfaces 

a ax — a aac — b 

intersect everywhere at right angles. 

5. Shew that if the foci of the principal sections of two 
paraboloids coincide, their focal conies will also coincide. 

' 6. Extend the proposition of Art. 162 to the case of two 
confocal paraboloids. 



A.G. ^^ 
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ON CUBVATUBE OF SURFACES. 

163. Two surfaces are said to have contact of the first 
order at any point where they meet when they have a com- 
mon tangent plane at that point. The necessary and saffi- 
cient conditions for this are that for the same values of x and 

y the values of z, -r- and -7- shall be the same for the two 

surfaces. 

Two surfaces are said to have contact of the n^ order at a 
point where they meet when the sections of the two surfaces 
by every plane passing through that point have contact of the 
n^ order. This we will prove to be the case if the sections of 
the surfaces by all planes which contain any given straight 
line through the point of contact not lying in the tangent 
plane have contact of the w*^ order. 

For let the common point be taken as origin and the 
given line as axis of z. Let the equations of the two surfaces 

^=fix.y) ....(1), 

is = F{x,y) (2). 

Expanding (1) and (2) we obtain 

MA 



z. 






...(5). 
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where z^ and z^ are the ordinates of the two surfaces corre- 
sponding to the same values of x and y\ and in the quantities 

JJ* jrp 

-J- , -T- y ... a? and y are put equal to zero after the differen- 
tiations are performed. 

Now since all sections of (1) and (2) by planes which con- 
tain the axis of z have contact of the rt^ order, the difference 
of z.^sA z^ must be of the (n + 1)**" degree in x and y. Hence 
we have 

dl^dF ^^dF d^f^^ dy ^ d^F 
dx dx' dy dy^ do? da?' dxdy dxdy' '" 
dy ^ drf _ d'^F I 

da^^dx'"' •••dic'-rf/"^"dic'-dy"-^'"" J 

If now the axes be changed in position, the origin remain- 
ing the same, since the new co-ordinates x, y\ z' of any point 
are linear functions of the old co-ordinates, it is clear that any 

differential coefficient of the form , ,^^ „ can be expressed in 

terms of the differential coefficients of z with respect to x and 
y of orders up to but not exceeding the (r + sf". Hence if the 
differential coefficients of z with respect to x and y for one 
surface, up to those of the rS^ order inclusive, be respectively 
equal to the corresponding quantities for a second surface, the 
same will be true of the differential coefficients of z' with 
respect to x' and y\ that is, if conditions (5) be satisfied for 
two surfaces with any one set of axes, they will be also satis- 
fied with any other set of axes. 

Thus if the. sections of the two surfaces (1) and (2) by all 
planes through the axis of z have contact of the w*"" order, so 
will their sections by all planes through the common point. 

The conditions that two surfaces should have contact of 
the 71*^ order at a given point are therefore that the values of 

dz dz d^z d'^z d^z 

^' ^' d^''"d^' dx^'-'dy'^'df' 

should be the same for the two surfaces for the given values 
of X and y. 
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164. If two surfaces tovch at a given point and the 
sections by a plane through the normal and any tangent line 
have contact of the second order^ then all sections by planes 
through the same tangent line have contact of the second order. 

Take the common point as origin arid the common normal 
as axis of z. Then, z -fix, y\ z-Fip, y) being the equa- 
tions of the two surfaces, the values oi -r- , -4- y -j- , -r- 

vanish at the origin and the equations of the surfiaces can be 
put in the form 

z^aa^ + bwy + cy^-^- (1), 

z^Aa^+Bxy-^Cy^-i- (2), 

where a, b, c are the values of i-j^ , , ]\ , ^^7 ^* ^^ 

tJ^W rPV A^W 

origin, and ^, 5, (7 those of i ^ . ^^, J^. 

Also if the given tangent line be the axis of a?, the sec- 
tions by the plane of zx have contact of the second order, and 
we have a = -4. 

Consider now the sections by a plane through the axis 
of X whose equation is 

y=''mz (3), 

we have for a given value x^ of x, in the one surface 

z^ = ax^+bx^^+cy,^+ ... , 

and in the other 

z^ = Ax^^ + Bx^y^+ Cy; -F ... ; 

But z^y z^ being of the second degree in x^, y, and v^ are so 
also by (3), and therefore x (by^ — By) is of the third degree, 
and therefore z^ — z^ is of the third degree in x^, and the 
sections of the two surfaces by (3) have contact of the second 
order. 

Similarly if two surfaces have complete contact of the 
(/I — ly^ order at a given point, and tiie ^.^citvona by any plane 
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through the normal and a given tangent line have contact of 
the n order, then all sections by planes through this tangent 
line have contact of the n**^ order. 

165. From the proposition proved in the last article it 
follows that if jB be the radius of curvature of any normal 
section of a surface, R cos is the radius of curvature of an 
oblique section through the same tangent line inclined at an 
angle 6 to the normal section. For if a sphere whose radius 
is R be described touching the surface at the given point, 
the normal sections of this sphere and the surface through 
the given tangent line have contact of the second order and 
therefore also any oblique sections. 

But the radius of curvature of the oblique section of the 
sphere is obviously jB cos 5 ; hence the radius of curvature of 
the oblique section of the given surface is also jBcos 6. This 
proposition is called Meunier's Theorem. 

166. If the tangent plane at any point be taken as the 
plane of xy and the point of contact as the origin, we have 
seen that the equation of the surface can be put into the 
form 

z =^ a7? -{-hxy '\- cf ■{• (1), 

where the remaining terms are of a higher degree than the 
second. 

Consider the section of this surface by a plane through 
the axis of z whose equation is 

y = a;taa5 (2). 

The radius of curvature of this section is the limit of 

— —^ when the values of x and y are diminished indefi- 
2^ 

nitely. Hence if p be this radius, we have 
1 _- acf + hxy -f cf -f Aaf 
"^ ^' + 2/* 

__- g + & tan 0^-c tan*^ -f Ax 
"■^*- l+tan*5 

= acos*5 + 6sin5cos^+(5sin*5 (3). 
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If we construct the conic section whose equation is 

aa?+Ja?y + cy* = l (4), 

it is evident from (3) that the square of any radius vector of 
this conic represents the diameter of curvature of the section 
of (1) by a normal plane passing through this radius vector. 
This conic section is called the mdicatrix of the surface at 
the given paint. 

If in (1) we suppose x and y so small that the terms on 
the right hwd after the third may be neglected, we get 

z = cux^ + bxy + cy^ (5). 

The curve in which this surface is cut by a plane z^k 
parallel to the plane of a:v is similar and similarly situated 
to (4). Hence the indicatnx at any point of a surface may be 
defined as a curve similar and similarly situated to the limit 
of the curve in which the surface is cut by a plane indefi- 
nitely near to the tangent plane at the given point. 

167. By choosing the axes of x and y so as to coincide 
with the principal axes of the indicatrix the equation (4) of 
the last article assumes the form 

Aa^+C2/^ = 1 (1). 

Also the radii vectores drawn in the directions of the 
principal axes are respectively the least and greatest radii 
of the curve. Hence the normal sections for which the 
radius of curvature is least and greatest respectively, pass 
through the principal axes of the indicatrix. The radii of 
curvature of these sections are called the principal radii of 
curvature at the given point, and the sections themselves, 
the principal sections. 

Let jR and JJ' be the principal radii of curvature, p and p 
tlie radii of curvature of any other sections at right angles, 
which we may take to be the sections through the axes of x 
and y in equation (4) of the last article. Then 



^ -A 


^ -e 


1 


1 
2p' " *'• 



ON CURVATURE OF SURFACES. 199 

But A+ C = a + c. (Todhunter's Conic Sections, Art 
274.) 



And therefore 



s+i=^p- (2). 



Also if the section whose radius of curvature is p be in- 
clined at an angle to the principal section whose radius 
is R, we have from (1) 

^^Acos'd+Csm^0; 
Zp 

.-. -= 4cos«5 + -isin«5 (3). 

p IC JlC 

We can thus obtain the radius of curvature of any normal 
section if we know those of the principal sections, and by 
Art. 165 we can deduce that of any oblique section. Hence, 
if we know the principal radii of curvature at any point of a 
surface, the curvatures of all sections of the surface at that 
point are known. 

168. To find the radius of curvature of any normal 
section of a surfojce at a given point 

Let the equation of the surface be 

F{x,y,z)^0 (1), 

and let x,y, z\>q the co-ordinates of the given point P. Let 
Z, m, w be the direction-cosines of the tangent line at (a?, y, z) 
through which the cutting plane passes. Also let aj + a, 
y-\-$, ^ + y be the co-ordinates of a point Q in the curve of 
section near to P. Let QR be drawn perpendicular on the 
tangent plane. Then, by Newton, the radius of curvature 

of the section is the limit of ^-^ when Q is made to ap- 
proach indefinitely near to P, 

But the equation of the tangent plane is 

(--)S^+<2/-3')f+(^-^)f=0 (2). 
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Hence 

dF dF dF 

with the notation explained in Art. 100. 
And P(2*=a*+i8»+7*. 

The radius of curvature is therefore the limit of 



- 2(aJr+/3r+7F) 

But since the point (a!+a, y+/8, z+f) is on the surface (1), 

F{x + a, y + A « + 7) = 0. 
or expanding, and remembering that F{x, y, z) = 0, 

Whence the above expression becomes 

a'lA + iS'v + 7*w + 2/87tt' + 27at;' + 2a/3tt?' + . . . 

where the remaining terms in the denominator are of higher 
dimensions than the second in a, /8, 7. 

Now, by Newton, the angle between PR and PQ di- 
minishes indefinitely as Q approaches P. Hence we have 
ultimately 

And making these substitutions and diminishing a, P, y in- 
definitely, we obtain for the radius of curvature 
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169. The principal sections are those for which p is a 
maximum or minimum. Hence we have to make the ex- 
pression 

uP -f vm' + vyn? + 2M'mn + 2v'nl + 2wlm (1) 

a maximum or minimimi by the variation of Z, m, n, which are 
connected by the relations 

P + m» + 7i' = l (2), 

m+ rm+ Wn=^0 (3), 

the latter expressing the fact that the line whose direction- 
cosines are I, m, n lies in the tangent plane at the point 
(^> y> z)' We shall denote the expression (1) by the symbol h, 

Dififerentiating (1), (2) and (3) and using undetermined 
multipliers, we obtain 

ul'\'V)m'\'v'n-\-U'\'h'U = (4), 

tt?7+t?m+w'^ + A;m + ^'F = (5), 

v'l + u'm + wn + kn + k'W=^0 (6). 

Multiplying (4) by I, (5) by m, and (6) by n, and adding, 
we get 

h + k = (7). 

And the three equations (4), (5), and (6)^ become 

{U''h}l + w'm -hv'n^ — JcU, 
wl + (v — A) m + un = — A?' F^ 
v7 + w'm + (w- A) n = -A;'Tr, 
whence 



u. 


w, 


.•»' 


V,- 


v—h. 


«' 


iy, 


«', 


to — A 





TO 




u, 


V' , 


u — h 


V. 




w' 


w.- 


w — h, 


v' 





n 




u. 


u — h, 


w' 


V, 


w', 


v — h 


w, 




«' 



Substituting in (3), and reducing 

f7«{(«-A)(w-A)-tt'»} + P{(w-A)(M-A)-«"} 

+ TF'{(m-A)(«-A)-w"} 
+ 2FTr [v'w' - tt' (m - h)) + 2 WU{w'v: -v'{v- h)} 

+ 2Z7F{mV-w'(«7-A)}=0...C9). 
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From (9) we obtain two values of h and therefore of 
p, and from (8) we deduce the corresponding values of 

170. The formulse of the last two articles are somewhat 
simplified if we take the unsymmetrical form of the equa- 
tion of a surface 

or f{x,y)'-z^Q. 

The reductions may be eflfected by the substitutions 

u^p, r=j, F=-i, 

1^ = r, t; = it, w = 0, 

i^' = 0, t;' = 0, v)=8. 

Moreover, instead of determining the tangent line through 
which the section is made by its direction-cosines, it is usual 
to determine it by its projection on the plane of xy^ whose 
equation we may assume to be 

2/-y = w(a;'-a?) (1). 

The direction-cosines of the line of intersection of this 
plane with the tangent-plane at {x^ y, z)^ whose equa- 
tion is 

p (a -a?) + y (y'-y) - {z'-z) = 0, 

are proportional to 1, m, p + qm, respectively. 

The value of p becomes with these substitutions equal to 

Jl 4-j?'+ g' {1 4-f?'4-2;?gm-f (1 +g') m'} 

r -h 2sm + trn? 

171. The result of the last article can be obtained inde- 
pendently. Let a sphere be described having contact of the 
first order with the given surface at (a?, y, «?), and let the 
sections of the surface and the sphere by the plane (1) have 
contact of the second order. Then the sections of the sur- 
face and the sphere by a normal plane through the line 
in which (1) cuts the tangent plane will, by Meimier's 
Theorem, have contact of the second order with each other, 
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and the radius of the sphere is therefore the radius of 
curvature of the section required. 



Let the equation of the sphere be 

(X - o)» + (F- by + {Z- ey = p* 

.: (X-a)+(Z-c)^ = 



(2); 



(3). 



+(gy+(^-) 



dl'Z 



= 



dZ dZ .„ ^ d^Z _^ 
dX'dY'^^'^~'^'^dY~^ 



dY' 



= 



(4). 



Bat at the point (a;, y, z) 



ZTT- „ dZ dZ 

=ar, T=y, Z=z, -j^=-p, 



dX 



dY 



= S' 



since the sphere and surface have a common tangent plane. 
Also since their sections by the plane (1) have contact of the 
second order, the values of z in terms of »' — a;, ^ — y for the 
sphere and surface must coincide as far as terms of the second 
degree in x —x, j/ — y for points lying in the plane (1), 
whence we obtain 



6?Z ^ d?Z ,d?Z 



(5). 



We deduce from (3) 

x—a_y—h_z—c_ 



P 



-1 VH-i>« + 2»' 



and from (4) 



d^Z 



l+p* d^Z _ pq ^Z_ l + q* 
dX*~7^' dXdY~o-z' dY*~c-z- 
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Whence from (5) 

_ ^ 1 +p' + 2pym-f (1 + g*) m* 

and 

. . p-Vl+i) +2 . ^ + 2m + ^m« (^)- 

The equation which gives the sections of greatest and 
least curvature at any point is obtained by making this 
expression for p a maximum or minimum by the variation 
of m. Whence 

- (s + tm) [1 +_p" + 2pqm+{l + f) m*} =0, 
or m*{5(l+2«)-.;)2^} + m{r(l+5«)-^(l+/)} 

+ b2^-«(l+/)} = (7). 

172. It may happen that at certain points of a surface 
the two principal radii of curvature become equal It follows 
from Art 167 that the radii of curvature of all normal sec- 
tions at that point are equal, the indicatrix in this case being 
a circle. Such a point is called an umbilicus* 

The conditions for the existence of an umbilicus can be 
deduced from the consideration that at such a point the 
expression 

wP 4- vm' + wr? + 2v!mn + 2vnl + 2wlm (1), 

must retain the same value for all values of I, m, n consistent 
with the conditions 

Ul+ Vm-\- TFri = (2), 

P+ m" + n" =1 (3). 

From (2) IPl^ + Vm* •{- 2UVlm ^ TTW; 



t • 



2lm == jj-r^ 



Similarly, zrU = ^^^ 

2mn = ' — yjy — 



t 
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Whence, substituting in (1), the expression 

must have the same value for all values of I, m, n consistent 
with (3). 

This gives the conditions 

= t(; +-^{Ft(?'- m-Yv] (4). 

' If the equation of the surface be of the form 

vi = 0, t?' = 0, w = 0, and equations (4>) become 

w = t; = t^ (5), 

If J^ F or TT vanish the investigation fails. Suppose 

y 
Then Fm-fTrw=0, or w= — ^^m, 

and the expression (1) becomes 

which must remain constant for all values of m and n con- 
sistent with the relation 

Hence TFm/ - Vv' = 0, 

F'w 2«'r 
» + -pr ^ F*w+ TPt;- 2 FPTm' ,«> 

and «= p TTSj. ^ W' 

1 + -jp 
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Similarly if F=0 or Tr=0 the requisite conditions may 
be deduced. In these cases, three conditions have to be 
satisfied by x, y, z besides the equation of the surface, which 
will not genenJly be consistent. 

The conditions for an umbilicus when the unsymmetrical 
form of the equation of a surface is used may be deduced 
from the consideration that the value of /> in Art. 171 must 
be independent of m. We thus get 

1-f jg* _pg__ l-f g* 
r B "^ t * 

173. The conditions for an umbilicus can be obtained 
in a slightly different form. 

K A is the value of the expression (1) for all values of 
I, m, n consistent with (2), it is evident that the ex- 
pression 

tt? + vmf + wv? + 2u'mrH- 2t;W + 2idlm 

-A(P + m» + ri*) (1) 

must vanish for all values of i, m, n consistent with (2). 
Hence Ul + Vm + Wn must be a factor of (6). The other 
factor must be 

and multiplying these factors together and equating, co- 
efficients of mn, nl and ^ as in Art. .49, we have 

and two similar equations, whence 

WS) + T'm - 2u'VW 



h^ 



V*u+lPv-2w'UV 



* 

lPw-\-Wu-2v'WU , 

^*^U* ^y symmetry. 
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174. Lines of Curvature. 

A line of curvature on any surface is a curve such that 
the tangent line to it at any point coincides with the tangent 
line to one of the principal sections at that point 

The diflferential equation of such lines is obtained by 

substituting -p , ^^ , -r- for Z, m, n respectively, in the 

equations which determine the directions of the principal 
sections in Art, 169. From the equations (4), (5) and (6) of 
that Article we have, eliminating k and k\ 

ul-\-w'm+ v'n, I, U 
w'l+ vm +u'n, m, V 
vl + u'm + ton, n, W 

and replacing ^, w» ^ ^7 ^ ' ^> ^> respectively, we get 
the diflferential equation of the lines of curvature. 

The diflferential equation of the projection of the lines of 
curvature on the plane of ay is obtained by writing ^ for m 
in the equation (7) of Art. 171. 

175. A line of curvature is sometimes defined as a curve 
such that the normals to the surface drawn at any two con- 
secutive points of the curve intersect each other. This defi- 
nition leads at once to the equation (1) of the last Article. 
For the equations of the normal at a point (a?, y, z) are 



= (1), 



X "X _y--y _z —z 



(2). 



V y w 

The equations of the normal at a point (^ + a, y + /8, « + 7) 
are 

x' — x — a y —y-'P 



U'+tta + t«?'i8 + t;'7 + '- F+w'a + vi8+w7+... 



z — « — 7 



F+i;'a.+ M'i8 + tt;7+... 



(3), 
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where the remaining terms in the denominators contain 
higher powers of a, )8, 7. 

The condition that (2) and (3) should intersect is by 
Art. 31, 

F+ w'a + v^ + uy + ..., V, fi =0, 

U2 + w'l3 + vy, U, a 

whence w'a+ v^ +u^yj V, fi =0 (4), 

va + u^ + ivy, W, y 

but ultimately a, jS, y are proportional to -r-, ^, t-» 

respectively, and the equation (4) reduces to the same 
as (1). 

176. The radii of curvature at any point of a quadric 
can be obtained from the preceding formulsB. Some of the 
results are so simple and important that they deserve a 
separate consideration. 

Since all parallel sections of a- quadric are similar, it 
follows that the indicatrix at any point of such a surface 
is similar and similarly situated to the section of the quadric 
by a plane through the origin parallel to the tangent plane 
at the given point. Hence the tangents to the lines of cur- 
vature at any point are parallel to the axes of the section 
by this plane, and the umbilici are the points at which 
tangent planes can be drawn parallel to the planes which 
give circular sections. 

The equation of the tangent plane at any point (a, /3, 7) 
to an ellipsoid whose equation is 



a c 



oaoL yp zy 



IS TJ ^" ~M "^ TS ^ *• 
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If this plane be parallel to either plane of circular section 
we have 

JL- =f = ^ , by Art. 65, 

and since (a, ^, 7) is a point on the ellipsoid, each of these 
ratios = + , 

Hence the ellipsoid has four umbilici whose co-ordinates 
are given by 

^ /S^=T» /PAX /^^" 

177. If a tangent line be drawn to a surface of tte second 
degree at the extremity of the axis of any plane section of 
that surface and lying in the cutting plane, the axis of the 
section and this tangent line are at right angles. This tan- 
gent line to the quadric is therefore also a tangent line to a 
sphere described with the origin as centre, and the length of 
the semi-axis of the section as radius. 

Let the equation of an ellipsoid be 

~] + C+^=l (1), 

or be ^ 

and let a sphere be described with the origin as centre and 
any radius k. The equation of this sphere is 

fl? + 2/» + ^ = i« (2). 

The equation of the cone formed by straight lines joining 
the origin with all the points of intersection of (1) and (2) is 
therefore 

For this equation does represent a cone whose vertex is 
the origin and being satisfied by all values of 00, y, z which 
satisfy both (1) and (2) represents some surface passing 
through their intersection. 

Now every plane which passes through the origin and any 
tangent line to the curve of intersection of (1) and (2) is evi- 

A. G, ^^ 
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dently a tangent plane to the cone (3). Hence if we draw a 
tangent plane to (3) along any generating line OP^, OP^ is one 
axis of the section of (1) made by this plane. Let OR be 
the other axis and Q be the point of (1) at which a tangent 
plane can be drawn to (1) parallel to this section, then OQ 
IS conjugate to the cutting plane and OP^ is conjugate to the 
plane through OQ and OB. 

The tangent to one line of curvature at Q is parallel to 
OR, and consequently lies in the plane QOR which is diame- 
tral to OP^. 

Let OP, OP^, OP^ be three consecutive generating lines 
of the cone (3); OQ, OQ. the lines conjugate to the planes 
POPj,Pj OP, which are ultimately consecutive tangent planes 
to the cone (3). Then since OP^ lies in a plane which is diar 
metral to OQ, and also in a plane diametral to OQ^, the 
plane QOQ^ is diametral to OP^ and therefore coincides with 
QOR, and the line joining QQ^ is ultimately parallel to OB 
and therefore is the tangent line to one line of curvature 
which passes through Q, Hence one line of curvature through 
the pomt Q is the locus of the points at which tangent planes 
can be drawn to (1) parallel to the tangent planes to (3), 

Hence if Q be any point on an ellipsoid, and r, k the 
semi-axes of the central section which is parallel to the tan- 
gent plane at Q, the axis k is constant for all points on the 
fine of curvature whose tangent at Q is parallel to r. But if 
p be the perpendicular on the tangent plane at Q, 

prk = abc Art. 75, equation (3), 

dhc 
and therefore P^ ~ "TT ~ constant. 

178. The equation of any tangent plane to (3) is 

fa?' + my + w/ = (4), 

where I, m, n are connected by the relation 

1 T + 1 T + 1 — T = ^ (5); 



a' A? P &• c' *• 
(See Chapter viil. Ex. 24.) 
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and the equation of a tangent plane to (1) at the point (a?, y, z) 



IS 



^ ■»■ ju t" ^--^ 



a 



(6). 



Hence if (6) be parallel to (4) 



^ _ y _ -^ 



or from (5) 



X' 



9 a 



5 + 



^ 1^ ^ If 



and subtracting this from the equation 



S ..2 ^ 



?- + 2L + ^ = l 



we get 



(^ 



y 



+ 



a'-lf^ V-lf^c^-ie 



= 1. 



which shews that the lines of curvature on an ellipsoid are its 
curves of intersection with confocal surfaces. 



179, In the ellipsoid 

2x •-^__2y 



17-= 



a 



2 2 



% > 



F= 



vS > 



«^ 2ir 



^(; = 



,a ' 



w' = 0, t;' = 0, t(?' = 0. 



Hence the diflferential equation of the lines of ciurature is 

\ dx X dx 
a^ds' a^' ds 
Ti^dy y dy 

1 dz z dz 
?di' ?' ds 



= 0, 



dyde n% 



dzdx 



dxdy 
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180. Taking the equation 



a? 



+ 15 



y 



a* + k b* + k (f + k 
we have at the points wheie it meets the ellipaoid 

a'^V^if^ 

by subtraction 

a^ ff« e" 

Also by diflferentiating (1) and (3) we obtain 

dx dy dz 
da '^ ds ds ^ 



(1). 



(2), 



(3), 



aJ'+k b* + k c* +k 



(*), 



dx dy dz 

x-T- v -¥- z 



ds ^ ^ ds ds 



V • • • • • Ai^« «•.• «l u#a 
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And from (3), (4) and (5) eliminating ^^— ^ , p-^ , -j-^, 



we obtain 



of 
a*' 




z* 


dx 


y da' 


dz 
'ds 


X dx 
a^ds' 


ydy 
b'ds' 


z dz 
?cis 



= 0, 



(6), 



which is the same as equation (1) of the last Article. 

Thus we obtain an independent proof of the fact that the 
lines of curvature on an ellipsoid coincide with its curves of 
intersection with a series of confocal quadrica. 
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181. If we denote by I, m, n the direction-cosines of the 
tangent to either line of curvature at the point {x, y, z) on the 
ellipsoid they must satisfy the equations 

5+xi+4-o (1). 

j-j -{- A/90^ *T* /A jTf ** v/ . k ♦ . «.» . . rf i « ,« . .^ J < . . .^ yj')^ 

J+\« + ^^ = 0..- (3); 

which are obtaii^d from the equations (3), (4) and (5) of the 
last Article by the use of undetermined multipliers X and fi. 

But if r be the central radius vector of the ellipsoid paral- 
lel to the tangent line considered, and p the perpendicular 
from the centre on the tangent plane to the ellipsoid at the 
point {(c, y, z), we have 

P-^^^"^? ^^^' 

1 _aj* y* / ,-v 

« — "-^ *f^ T4 "t" ~Ii» '•-<••**■••••••. *■/♦• •\0J* 

Aho from the equation of tike ellipsoid^ by differentiation 

»=?+?+?• • * 

Differentiating (6), we have by means of (4) 

dl ant dtt 
1 ^ ds .^ ds ^ ds ^ .fy. 

;5- + -Sr + -^ + -S--0. (7). 



MuMplying (l)hj ~, (2> t)y ^ and (3) by -, and adding 
we havd 
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or using the result obtained by differentiating (5), 

Again, multiplying (1) by ^> (2) ty ^, (3) by ^ and 
adding, we have by (7) and (4) since also P + w* + n* = 1, 



Thus we obtain 



Idp^ 1 dr 
pds'^ r ds* 



dp , dr ^ 

,', 2)r = constant. 

182. A few propositions must be added concerning a 
class of lines of great importance, namely geodesic lines. 
These may be defined as follows : 

A geodesic line on a surface is such that every small ele- 
ment PQ is the shortest line that can be dravm on the surface 
between P and Q, 

The general equation of geodesic lines on a surface 

F{x,y,z) = 0, 

can be obtained by the help of Meunier's Theorem. 

For if PQ be two points on a geodesic line, so near to one 
another that the arc between them may be considered as a 
plane curve, the length of PQ will be least when the curva- 
ture of the curve is least, or when the radius of curvature of 
the small arc PQ is greatest. But this will be the case when 
the section of the surface by a plane through the element 
PQ is a normal section. Hence the osculating plane at any 
point of the curve must contain the normal to the surface at 
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that point. But the direction-cosines of that normal to the 
curve which lies in the osculating plane are proportional to • 

d^x d^y ^z 
W' ds^' ds^' 

and the direction-cosines of the normal to the surface are pro- 
portional to 

dF dF dF 

dx* dy ' dz * 

Hence for all points in a geodesic line 

cTx d^y d^z 

da* ^ ds* __ cfe* . 

3?""3f"2P W. 

dx dy dz 

These equations can be also deduced by the Calculus of 
Variations. (Todhunter's Int Calc. Art. 351.) 

183. The equations of the last Article can be applied to 
discover the forms of the geodesic lines on any surface. In 
the case of developable surfaces, this object can often be more 
simply effected by the consideration that when the surface is 
developed, the geodesic must become a straight line. Thus 
the geodesic lines on a right circular cylinder are easily seen 
to be helices. 

As an example in the case of a surface not developable, 
take the sphere 

a?+y»-|.^ = a' (1). 

The differential equations of the geodesic lines become 

cPa? d^y d}z 
ds* ^ds^ ^d^ ^ 
X y z ^ 

d^V d^z ^ 
.*. 2:-T^— y-T- = constant = Ci (2). 
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Similarly, 

dz dx ,„x 

'"ds-'ds"'' (^)' 

dx dy ... 

y-di-"!-'' <^)- 

Multiplying (2) by x, (3) by y, (4) by z, and adding, we 
get 

C^X-^rCJf^-C^^^O (5), 

shewing that all geodesic lines are great circles. 
184. As a second example take the ellipsoid 

^+^+4=1 (1). 

a be 

The differential equations of the geodesic lines become 

d^oo ^y d^ 

d^ _d8* d^ ,g.v 

~"T"T"" 

a« 6* c* 

Now let p be the perpendicular from the centre on the 
tangent plane to (1) at the point (x, y, z), and let r be the 
central radius of the ellipsoid drawn parallel to the tangent 
to the geodesic line at the point {x, y, z). 



r^ \ (^ v"" z^ 

Then -2 = -4+|4+-4, 



1 f^W 



r*~a' \ds/ "^ 6' \ds) "^ c» \daj 

• • p" ds~ a* ds^b* 08^0*18 ^ '' 

1 dr _1 dx d^x 1 dy d^y 1 dz d^z 
~?ds~a*dsW^b*dadP'^7d^d? 

=fs^+«t+;t)* w, 



,a* ds 6* ds 
ifk he put for each of the fractioiis in (2), 
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Now each of the fractions in (2) 





by equati( 


X 

a* 


d^x y d?y z d^z 


which 


353 ^"^ 

>n(7) 


of Article 181 
1 


t 






r»* 



Hence from (3) and (4) 

dp ^ dr 

whence 

^r=constant (5). 

This property is the same as that proved for lines of cur- 
vature, but the two systems of lines do not coincide. 

Let p be the radius of absolute curvature of the geodesic 
at any point. Then each of the fractions in (2) 




d^ 
ds 






I \ds'/ \ds'/ \drj _.£_ + £ 
a/ ^ ^.^ 1 p' 



Hence +- = — ^, 

P ir 



or p = ±- (6); 

P 

.'. p = kr', where k is some constant. 
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185. We shall conclude this subject with the following 
proposition, known as Dupin's Theorem. 

If there he three aeries of surfaces such thai all the sur- 
faces of each series intersect those of the other series at right 
angles, then the lines of intersection of the surfaces of different 
series are the lines of curvature on the surfaces. 

Let be the point of intersection of three surfaces, one of 
each system. Take as origin, and the tangent planes of 
the three surfaces as co-ordinate planes. Let S^, 8^, 8^ be 
the surfaces touched by the planes of yz, zx, xy, respectively, 
and let P, Q, R be points near in the curves of intersection 
of /S,, 8^\ /Sfg, 8^\ /Sj, /Sg, respectively. Then since the surfaces 
Sj, §3 cut at right angles, the normals at Pto these surfaces 
are at right angles. Also since OP is ultimately a tangent 
line to both of tnem at P, the normals at P are both perpen- 
dicular to OP which is ultimately the axis of x. Let 6^, 6^ 
be the angles which the normals at P to 8^, 8^, respectively 
make with the planes of zx, ay, respectively; <^j, <^3 those 
which the normals at Q to fif,, 8^ make with the planes of 
xy, yZy respectively, and -^ , ^^ those which the normals at 
Rto 8^y 8^ make with the planes of yz, zx, respectively. Let 
the lengths of OP^ OQ, OB be a, ^, y, respectively. 

Since the normal to )SL lies in the tangent plane to 8^ the 
tangent of the angle which the normal to 8^ at makes with 

-y- j , the suflSx denoting the surface from 

which the diflferential coefficient is obtained. Hence the tan- 
gent of the angle which the normal to 8^ at P makes with 
the plane of a^ is 



(; 



dz\ , d (dz\ . 



But 



(S)-»- 



^%'. 



whence ^*^'^'^\£) "^^J^ately. 
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Sinularly, <^^ = ^|(|)^; 

therefore — » =s ^\ 

a ^ 

SimUarly, ^» = ^'; ^ = |. 

But since the normals to S^, S^ at P are at right angles, 

Similarly, ^^ -f ^^ = 0, i^^ + ir^ — 0, whence 0^ = 0. 

Hence the normals to S^ at and P both lie in the 
plane of xy and therefore intersect one another, and therefore 
OP is the tangent to the line of curvature on S^ at 0. 
Whence the theorem follows. 



EXAMPLES. CHAPTER XIII. 

1. Find the quadratic equation which gives the principal 
radii of curvature at any point of an ellipsoid. 

Deduce the position of the umbilici. 

2. Find the umbiUci of the surfaces 

(1) xyz = a\ 

a c 

and find the value of the radius of curvature at the umbilicus 
in each case. 

3. Find the equation of the projection of the lines of 
curvature of the surface xyz = a*, on the plane of xy^ 
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4 Deduce the formube for an umbilicus 

r 9 t ' 

• 

first, from the consideration that the two principal radii of 
curvature are equal at an umbilicus; secondly, from the con- 
sideration that the directions of the lines of curvature at an 
umbilicus are indeterminate. 

6, Find the condition that the two principal radii of cur- 
vature at any point of a surface may be equal in magnitude 
but opposite in sign. ^ 

Find the points on the surface 

for which this is the case. 

6. Shew that if the origin be at an umbilicus and the 
normal at that point the axis of z, the equation of an ellipsoid 
may be put into the form 

a^+y^-\-kss{ss — a) + hyz + czx = 0. 

7. Any chord is drawn through an umbilicus of an ellip- 
soid, and its extremity is joined with the extremity of the 
normal at the umbilicus. Prove that the locus of the inter- 
section of the joining line with the plane through the umbili- 
cus perpendicular to the chord is a plane. 

8. Prove that the lines of curvature of the surface 

a cuc — o ax-^cr 

are circles, and that the plane of any one of them contains a 
fixed straight line lying wholly on the surface. 

9. Shew that pr is constant for all lines of curvature 
which pass through the same umbilicus of an ellipsoid. 

10. Shew that pr has the same value for all geodesic 
lines on an ellipsoid which touch the same line of curvature. 
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11. U and V axe two adjacent umbilici of an ellipsoid, 
P is any point on the surface which is joined by geodesic arcs 
with U and V. Shew that the lines of curvature which pass 
through P bisect the interior and exterior angles between PU 
andjPF, 

12. If a point P move on an ellipsoid so that the sum or 
difference of the geodesic arcs PU, PV joining it with two 
adjacent umbihci of the ellipsoid is constant, shew that the 
locus of Pis a line of curvature. 

13. Shew that at every point of a geodesic circle round 
an umbiUcus of an ellipsoid 

where a, J, c are the semi-axes of the ellipsoid, r the central 
radius to the point, p the central perpendicular on the tan- 
gent plane, ana d the semidiameter parallel to the tangent to 
the circle at that point. 

14. The normal at each point of a principal section of 
an ellipsoid is intersected by the normal at a consecutive 
point not on the principal section ; shew that the locus of the 
point of intersection is an ellipse having four real or imagi- 
nary contacts with the evolute of the principal section. 

15. From the differential equation of geodesic lines in- 
vestigate the nature of the geodesies on a right circular cylin- 
der. 

16. Find the equations of the geodesic lines on a right 
circular cone; first, from the differential equations, and secondly 
from the consideration that when the cone is developed the 
geodesies become straight lines. 

17. Shew that the distance oS any point of a geodesic 
traced on a surface of revolution from the axis varies inversely 
as the sine of the angle between the geodesic and the meri- 
dian of the surface which passes through that point. 
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18. Find expressions for the principal radii of curvature 
at any point of a surface of revolution round the axis of x. 

19. Prove that the product of the principal radii of cur- 
vature at any point of a prolate spheroid varies as the product 
of the squares of the distances of the point from the foci of 
the generating ellipse. 

20. Shew that the locus of the focus of an ellipse rolling 
along a straight line is a curve such that if it revolve about 
that line, the sum of the curvatures of any two normal sec- 
tions at right angles is the same at every point of the surface 
generated. 

21. If two surfaces cut each other at right angles, and R 
be the radius of curvature of the curve of intersection at any . 
point, pj, p, the radii of curvature of the normal sections of 
the two surfaces through the tangent line to the curve at that 
point, prove that 

22. If r, r' be the principal radii of curvature at any 
point of an ellipsoid on the line of intersection with a concen- 

trie sphere, shew that the expression ^ \ is invariable. 

23. If a geodesic line be drawn on a developable surface 
and cut any generating line of the surface at any angle -^ and 
at a distance t from the edge of regression measured along 
the generator, prove that 

dt 

where p is the radius of curvature of the edge of regression at 
the point where the generator touches it. 

24. Prove that if r be the distance of any point of a geo- 
desic from the origin, p the radius of absolute curvature, and 
p the perpendicular from the origin on the tangent plane to 
the surface, 

2> + P = i/>--^» 
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25. The centres of curvature of plane sections of a sur- 
face at any point lie on the surface 

{^ + y' + z*)('^ + ^)'^z{a^ + f). 

^ri rr 

the axes being the tangents to the lines of curvature at 
that point and the normal, and p^, p^ being the principal radii 
of curvature. 

If these sections touch a right cone of semi-vertical angle 
a, about the axis of z, the centres lie on the elliptic paraboloid 

— + — =a«sin'a. 
Pi Pit 



ANSWERS TO THE EXAMPLES. 



CHAITER I. 

1. s/a, 2^3 and Jl. 

2. The length of each side is J^. 

1 J^ _3_ 1^36 26 

^- Til' Ju' ju' *• V r 7' Yju' 

5. 90». 6. ?, |, 0; 0,|, |; |, 0, |. 

^ a b e ^ 
^' 3' 3' 3' 

s. .^.=(|-o)'.(o-|)%(£-iy.^=,.^. 

9. If rj, tfj, ^1,^,, ^a, ^a b6 the polar co-ordinates of the 
points, the (dist.)* between them by Arts. (6) and (15) 

= (r J sin $^ cos 4>i — ♦*, sin 0^ cos ^g)" 

+ (rj sin 6^ sin <^j - r, sin tf^ sin ^,)" + (r^ cos flj - r, cos fl,)* 

= r^* (sin* flj cos' <^j + sin' 6^ sin' «^j + cos' 0^) 

+ r/ (sin' 0^ cos' ^, + sin' 6^ sin" ^, + cos' 0^) 
- 2rjr, {sin tf ^ sin 0^ (cos ^^ cos ^^ + sin ^^ sin ^^ 

+ cos flj cos 0^} 

= r/ + r," - 2r^r^ {cos tfj cos fl, + sin flj sin fl, cos (^^ - ^,)}. 

10. r = 4, e = |, ^ = ^. 

11. a; = l, y = ^/3, z = 2j3. 
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CHAPTER II 

^- ^'===^"' = ^- ^- ^■''^'^ ^ = ^- 

^ a; + « = 4) a; + y=5\ _ . »-3) ir ir w 

3- y^al .=1/ «'-i=y-2=--2-}; g, 2,3. 

4. a! + y + »=6; 2^3. 5. aj=^=|. 

6. a;-l=:-^? = 2-3. 

7. Let (a, /?, y) ; (a', j8', 7'), be the two points, lx + mi/ + nz=p 
the given plane. Then the required plane can have its equation 
in the form 

A{x-a)+B{y-'p) + C{z-y) = 0, 

and Ay B, must satisfy the two conditions 

^(a'-a) + 5(i8'-i8) + (7(7-7) = 0, AUBm + Cn^O, 

whence 

A : B : C :: m(y-y) - w (jS'-^S) : n (a'-a) -.^(/-y) • 

: ;(i8'-)8)-7/i(a'-a). 

8. » = 3, aj 4- y = 3. 

9. Let ^ (a; - 2) + 5 (y - 3) + (7(« - 4) = represent the 
plane required; 

.-. ^(l-2) + ^(2-3) + (7(3-4)=0, or -4+5 + a=0, 

^. x/3 + 5+C7.2\/3=0, 

whence ^ : 5 : (7 :: 2 n/3- 1 : - \/3" : 1 - >/3, 

and the plane becomes l^ 

(2V3-l)(a;-2)-N/3(y-3) + (l-V3)(«-4) = 0. 

10. Let ly m, n; V, m\ W be the direction-cosines of the 
given lines ; X, /a, v those of the required one ; 

.•. \l-k- iim + vn = 0, XI' + fim^ + vnf = Goa a. 

The latter equation gives 

{Xl + /jtm + vn)' = cos* a (\* + ft* + v"), 
A. o. A5> 
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which combined with the former will give two values of the 
ratios X : ft : v, as in Art 57. For the latter part put cos a = -p 

and find the value of W + fi^fi^ + v^v^; remembering that 
W + mm' + nn' vanishes this will also be found to vanish. 

11. Let (a, /?, y) be the given point, I, m, n; l\ ra\ vi the 
direction-cosines of the perpendiculars on the two planes. The 
required plane is 

(mw' - m'w) \x - a) + (nX - nl) (y - /?) + i^m' - I'rri) {x^-a)^ 0. 
(See Art 30.) 

12. The proof of Art 19 holds when the axes are not 
rectangular if ^, w, n mean the cosines of the angles between 
OD and the axes. 

13. Draw the oblique co-ordinates of the point i>, and pro- 
ject OD on the axes in succession. 

Z -f- m cos v-¥n cos /x m + w cos X-k-l cos v 



14. 



A " B 

n-hl cos fi-i-m cos X 





15. The condition is 

which reduces to 

16. (1) A series of planes parallel to that of yz ; foT/(x) = 
gives a series of equations x = a^y x = a^, &o» -(2) A series of 
spheres with the origin as centre. (3) A series of right circular 
cones with Oz as axis. (4) A series of planes passing through 
the line Oz, 

17. (1) The axis of z, (2) A straight line OP through 
inclined at an angle a to Oz, and such that the plane zOP makes 
an angle j8 with zOx, (3) A circle whose radius is a in the 
plane of zx and with its centre at the origin. 

18. -4 cos 6 sin tf + J5 sin <i sin tf + (7 cos tf = — . 19. ^ . 

^ r 2 
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20, Let l^, w»j, n^; l^, m^, n^; l^^ m^, n^; be the direc- 
tion-cosines of the normals to the three planes. Then the equa- 
tion of any plane through the line of intersection of the first 
and second is 

where X is a constant, and if this is perpendicular to the third, 

or cos jB + X cos ^1 = 0. 

Also if the plane passes through the origin p^ + Xp^ = ; 

.*. jPj cos -4 =jp,c0s jB, 

and the plane becomes 

(IjX + nijT/ + n^z) cos -4 - (l^ + mj/ + n^) cos B=^0. 

If in addition p^co^B^p^ cos (7, the other two planes will 
have equations of a similar form and all three planes will inter- 
sect in one straight line through the origin. 

21. Let Jx ■{• my -^ nz = p be the equation of one of tha 
planes ; 

,\ from the data ^ + ^+^ = 0, or^+- + - = (1), 

and Z(a'-a) + w(6'-6)+7i(c'-c) = (2); 

. •. substituting for n out of the second in the first 

1 I c'-c 

.\ ?'(a'-a)-h-PZm+m«(6'-6) = 0, 
which gives two values of — , and corresponding to each of these 

from (2) we can get one value of — . If ~i- , -^- be these two 
^ ' '^ m m^ m^ 

values, —5-^ = —. — . Similarly • ' ■ = —. . 

mjn^ a— a m^m^ c —c 

Hence if the lines be at right angles 

l + JiL + JW^Oj 

. V-h 6'-6 ^ 111^ 

a —a c - c a-a o— o c-c 
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«■ 



22. jz. This and Example 23 are to be solved as the last 
example. 

23. F{ff-hC*)-^Q(G' + A')-hE{A'+JS^:=^0. 

24. The co-ordinates of the middle points of the lines joining 
1, 2 and 3, 4 are, Art. (7), 

and J (<? — «)> J(c+c?-a — 6), ^(d — h), 

whence the result follows, 

25. The co-ordinates of any point on one of the lines may be 
represented by a + lt, b + mt, c + nt ; and those of any point on 
the other by a' + lY, b' + m't\ d + ni\ The square of the dis- 
tance between these points is 

(a-d^ U^Vty+{J>-V + mt-wHy + (c - c' + w« - wY)'. 

The conditions that this may be a minimum by the variation 
of t and ^ are 

(a-a' + Z^-r^) ^+ (6- 6' + Tw^ -m'^') m + (c- c'-f w<- riY) 71 = 0, 

and 

(a - a' + ft - ZY) V^{f)-b' ^mJt" mt') m! + {c - c' -k- nt - n't') n' = 0, 

which shew that the line joining the two points is perpendicular 
to both the given lines. 

26. By the solution of the last question, 

Z(a-a') + m()8-j3') + n(y-y') + ^-^'cosd=0, 
Z'(a-a') + m'(i8-i8') + 7i'(y-y) + «cosd-<'=0, 
whence t' sin* 6=u' -^uco^ 0. 

27. Taking x^, y^ z^, &c. as the co-ordinates of the angles of 
the tetrahedron it is easily shewn that the co-ordinates of the 
middle point of the line joining the middle points of two 
opposite edges are 

28. By the help of a figure and the last question it is easily 
seen that the two lines a?, y are the diagonals of a parallelogram 
whose sides are ^a and ^a' and <o is the angle between the dia- 

gonalsj whence by Trigonometry the result foUows. 
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29. —7= if c is the edge of tlie cube. 

30. ^ n/6 V + cV + a'h\ 

31. The equations of the planes are 

Ix ^ my -¥ Tiz = py mx'\-ny'\-lz=py nx-hly ■hmz=p ; 

P 



.*. x = y = z = 



l+m + n ' 



32. Any point on the given line can have its co-ordinates 
expressed by a — It, b-mt, c — ntj the value of t is obtained 
from the condition of perpendicularity. 

33. Take the shortest distance between the lines as axis 
of z, its middle point as origin, and the plane of zx to bisect 
the angle between the lines. 



CHAPTER III. 

1. r* + r (il sin tf cos <^ + ^ sin ^ sin ^ + (7 cos tf) + jD = 0. 
This equation gives two values of r the product of which is D, 

2. The polar equation of any plane is 

A sin 6 cos ^ + ^ sin ^ sin 4> + G cos = — . 

T 

Hence if this be the equation of the locus of P, since 0P = -^^, 

the equation of the locus of Q is 

Dr 
A siaO cos <f>-hB sin ^ sin <^ + C^ cos = —jj- , 

which is the polar equation of a sphere. 

3. If the locus of P be 

r* + r (il sin tf cos ^ + -B sin tf sin <^ + C cos ^) + i> = 0, 
that of Q is 

h^-k-l(?r{A sintf cos<^ + -B sintf sin ^ + (7 cos tf ) + jDr* = 0, 
which is another sphere. 
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4. The plane in question is 

also where it meets the sphere ic* + y* + »* = c*, 
whence aj* + y* + «■ - 2 (osa' + yy' + 2«^ + a;" + y" + «" = 0, 
or' (a;-a.')«+(y-y7 + (2-«7 = 0; 

5. Take A as origin and AB (= a) as axis of x^ the equation 
of the locus is 

a* + y* + 2* = m"{(aj-a)* + y* + «*}, 
which reduces to the equation of a sphere. 

6. With the same axes as in the last question the two lines 
whose direction-cosines are proportional to «, y, 2? and x — a^ y, z 
must be at right angles. Hence a; (a; — a) + y^ + «" = 0, a sphere, 
on AB as diameter. 

7. Take for the equations of the fixed straight lines those 
given in Ex. 33, Chap. ii. The equations of the two planes can 
then be written y - mx + X (« - c) = and y + mx + /x (» + c) = 
where X and fi are constants. The condition of perpendicularity 
gives 1 — m' + X/x = and by substituting for X and ft out of the 
first two in the third we get (1 - m') {z' -c^) + y' — m'otf = as 
the locus. 

8. If S=Oy S^ = be the equations of two spheres in their 
simplest form, the equation S^ — S = ia easily seen to be a plane 
perpendicular to the line joining their centres, which must cut 
each sphere in a circle. 

9. The equations of the spheres can be written 

where k, k', k!' are constants and r changes. The first and secdnd 

or oi 

intersect on the sphere -r - tt = 0, whence the rest will follow. 

^ k k 

10 and 11. These follow easily from (8). 

12. The six centres of the spheres must lie at the angular 
points of a regular octahedron the edge of which is the radius. 
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13. Take the three planes as co-ordinate planes, and let 
?, m, n be the direction-cosines of the straight line, a;,.y, z the 
co-ordinates of the point. Then by projecting On the axes in 
succession x = la, y = mb, z = nc; 

• • a t" , o *T" ~3* JL. 



14. We have 



•• a'^b' 


^^-.. 


of -k-a i/ 
cos a 


sm a 


aj"-a -y" 


sm a 


" cos a 



and 



if a, y', z' are the co-ordinates of P ajid sc", y", »" those of P'. 
Also if (a, y, 2j) be any point in PP' 

between these equations and OP . O'P' = c' we have to eliminate 
< 2^, ^', aj", 2/", ^'\ OP, 0'P\ 

15. Take the line round which the line revolves as axis of z 
and the point where the shortest distance between the lines meets 
it as origin, and let c be the length of this shortest distance and 
B the angle it makes with Ox, Let also a be the angle between 
the fixed and revolving lines. The equations of the revolving 
line are 

x-c cos ^y-csin^ z . „ ».. 

—- = where Z^ + m =sm*a, 

m cos a 

X i/ z 

and since this is perpendicular to the line 7; = — ?— 7; = 7: , we 

*^ ^ c cos ^ c sin ^ 

have ^ cos ^ + m sin ^ = 0, whence eliminating I, m and $ we get 

^ cos a 

16. wV+(w«-l)(/ + ««) = c«. 

17. Let y^ + «* = ic* tan' a be the right cone. Then the equa- 
tion required is 

a;'(y* + «*) = ^*tan»a. 
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CHAPTER IV. 
1. 2n/3, 0, -s/2. 2. a!^_J!-iil'. 

3. Take x = y = z and any two straiglit lines perpendicular 
to it as axes : the axes in the last question will do. 

4. From the last two of the second set of relations the ratios 
of Z,, Ig, Z3 can be deduced, and their absolute values from the 
first, with the help of the other three. 

5. 1, 1, 5, use Art. 51. 

6. The proof is exactly similar to Art. 50 with the excep- 
tion that 

af + i^-hz'-h 2j/z cos X + 2zx cosfi + 2x7/ cos v 

is transformed into x" + y'" + «'*. 

7. Transform so as to take the line x^y = z as axis of x 
and any two lines perpendicular to it and each other as axes 
of y and zi as in Examples 1 and 2. 



CHAPTER V. 

1. The direction-cosines of the generating lines through any 
point (a, Pj y) are given by 

Z* Tin? V? ^ la. raB ny ^ 

or a c a* a' c' 

The condition that these shall be at right angles is obtained as 
in Examples 21 — 23, Chapter 11., and gives by the help of the 

relation ^ ^ = 1> ^ value of y". 

€t C 

2 and 3. The direction-cosines of the generating lines are 
given by 

la mB ny ^ . I' m' n' ^ 

ah & a cr 

From these we easily get, eliminating m, 

«» V b") aV c' V" oV 
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"Whence 



n. 



\,l, <^\<^ b'J c'\a' V a* -a* 



2ay 
Whence by symmetry we get 

kit 



and if ^ be the angle between the two straight lines, each of these 
ratios 

_ cosd 

sin Q 
" n/^ {jS V - 08* - 6') (y* + c^)} + . . . similar t^iSS ' 

.*. cot^= ' 



The solution of (2) easily follows by putting 6 = a, and tf = cu 

4. If ^, w, w; l\ m\ n' be the direction-cosines of the two 

radii vectores, these with . *^ , , 0, . ^ . form a set of 

' ^ s](^ -^ ^ V a* - c* 
nine quantities satisfying the conditions of Art. 44. Also if r, r' 
be the two radii 

6» (V - O 
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5. Planes parallel to lx + my + n« = and Fx -4- m'y + n^z = 0. 

6. xy + yz-^zx^^ ~ — ^-^ — -y - ^ -v^hence tlie result 

follows. 

7. By Art. 59, the projections of OP, OF' on the plane of xy 
are tangents to the principal ellipse at the ends of conjugate 
diameters. The sum of the squares of these projections is there- 
fore a* + 6*. Also the height of above the plane of acy can be 
easily shewn to be c, whence the result follows. 

8 and 9. If X, /a, v be the direction-cosines and r the length 
of any radius vector in the plane Ix + my + nz = 0; 

1 fiv v\ X/i ,-. 
7^~ a' b* c* '"^ ^' 

while XZ + um + m = ... (2). If the section be a rectangular 

1 
hyperbola two directions at right angles make - vanish. By the 

methods of Ex. 21 — 23, Chap. ii. the condition for this is found. 

1 . . ' 

The condition for a circular section is that 3 shall be invariable 

for all values of X, fi, v consistent with (2) ; whence XZ + fim + vn 
must be a factor of 

where k is the constant value of -, . For the rest see Art. 49. 

r 

10. By Art. 63 the generating lines at any point (x, y, z) 
must be parallel to the asymptotes of a section by a plane through 
the centre parallel to that which cuts the surface in these two 
lines. The equation of such a plane is by Art. 58 

a c 

if (a, j8, y) be the point : the semi-axes of the section by this 
plane are given {Art. 68 (10)} by the equation 



a' 



^x_v!_.=o. 



a (a - r") b{b- r') c(c-r) 



ANSWERS TO THE EXAMPLES. 235 

Also if r^i r^ be the two values of r* in this equation and 20 
the angle between the asymptotes of the curve 

tan«tf = -^]; 






7V + r, 






which is the required result. 

1 1. The square of the distance of the focus of any section from 
the centre is the difference of the squares of the semi-axes of that 
section. Hence if p, A, /x, v be the radius vector and direction- 
cosines of any point in the locus, p* = r^ — r,', where r^, r, are the 
two values of r in equation (10) of Art. 68, and X, fi, v are de- 
termined by equation (12) of that article; between these equations 
and (5) we have to eliminate Z, m, n, and for A.p, f^p, vp to substi- 
tute X, yy z, 

12. a;' + 2^ + «* - (fo; + my + nzf. See Art. (28). 

13. ^ + 5 + C = 0. See Arts. 34 and 44. 

14. If bc + my A-nz^O ... (1) be the equation of the plane 

OL Q "Y 

base, the co-ordinates of the vertex are given by 7 = — = — = 6. 

6 m n ■ 

Let then — r — = ^- = = r . . . (2) be the equations of 

the generating line; substitute for a5, y, z from these equations 
in (1) and the equation of the ellipsoid, and eliminate r. Thus we 
get a relation between A., fi, v and then from (2) the equation of 
the cone as in Art 34. 

15. a;" + y' + «'- 2y«-22;a;- 2a;y = 0. 

16. 05* + y + «* = (fe + wiy + Wif sec' a. See Art. 28. 

17. Determine l^ m, n and a in the last question so as to 
make the cone contain the given lines. 

18. Is solved in question (2). 

19. Assume Xo; 4- f^y + v« = G...(l)the plane; .*. A7 + [um + vw = 0. 
Eliminate z between (1) and the given cone. We get a cubic 

equation in - one value of which must be y ; the product of the 

other values is easily obtained. See Ex. 23, Chapter 11. 
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20. These TaJues satisfy the equation of the lijperboloid 
whatever <^ and may be. Substitute in the equations of Art 57, 
and we shall get finally 

x-a cos <f> sec y — h sin ^ sec _^ — c tan 
asia(<(f>^0) "" b cos (<^ * ^) =t c 

21. Use the equations in the last question. 

22. Any planes through the two generating lines in question 
may have their equations written 

a \o cj a \b cj 

The condition that the line of intersection of these should be a 
generating line is easily found to be hk' = — 1. 

It can be shewn that the intersections of these planes with 
either of the planes 

6 ^ c ^ 

are always at right angles to each other. These are the planes 
which give circular sections. 

23. Take the general homogeneous equation of the second 
degree in a, j8, y, 8. Find the conditions that this may be satis- 
fied by either of the pairs a = 0, 8 = 0, and ^ = 0, y = 0. 



CHAPTER YI. 

1. If X, ft, V be the direction-cosines of any generator of the 
given cone aV + 6 V + c V = c?', whence by Art. 79 the result 
follows. 

2. Use equations (6) of Art. 77, and in the given case by 

Art. 78, 

P' 7-. 

a'Z' + ftW + c^w*'" ' 

and the locus becomes 

«^ 2^ «' M 
or (r c' 
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3. Use fonnulflB of Art. 74 to shew that the plane passes 
through the three given points. 

4. -rt — 7o> where p is the perpendicular from the origin 
on the plane LMN. 

^ . irdbc 

5. volume = ^— ^« . 

6. A cylinder whose axis is parallel to Oz and whose trace 
on the plane of xy is given by 

— = ^a^'siu'e^ + 6''cos'^ < 1 ^ STi >. 

7. Let a, j3 be the co-ordinates of the point where the straight 
line cuts the plane of osy, and let a line be drawn iuclined at an 

angle tf to Oa; to cut the ellipse -, + ^ = 1 in two points. If r^, r, 

be the distances of these two points from a, )8, the square of the 
eccentricity of the vertical section through a straight^ line a; = a, 

y = P supposed to be its directrix must = ' , but it also equals 

- c"(a'sin*tf + 6"cos*tf) , a. no i. • j 

1 ^^ i^ = by Art. 63, whence smce r, and r. are 

ab ' 

expressed in terms of d we can get a quadratic equation in tan'0 
the roots of which must be real. 

8. Use Art. 77, p being a constant : 

9. If a\ 6', c' be the conjugate semi-diameters, and a/, y', z' 
the co-ordinates of the point in which the three planes meet 

by similar triangles and Art. 79. 

10. We have to find the directions of the axes of the section 
of Ax^ + -B^ + Cz' = 1 by the plane Alx + Bmy + Cnz = 0, where 
FP + Qm' + Rn' = 0. See Art 68, Equations 5 and 12 and elimi- 
nate ly m, n. 
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(2) 2Bfi(b'P) + 2Cy(c^y) = a-a if a, 6, c be co- 
ordinates of the fixed point. 

12. If X, y, z be the co-ordinates of any point on the perpen- 
dicular, 

CLX by cz 

a b c ^3 

by Art. 74, 

= ^ ^ y ^ g ^ ^+3/^1+ ^1 

a" 

whence the result follows. 



6' c* 



13. If the curve be a parabola the line joining its centre 
to the origin must be parallel to the plane, whence the result 
follows. 



CHAPTER YII. 

1. (1) The discriminating cubic is »''-10«* + 13« + 55 = 0. 
This has two positive roots and one negative root by Descartes' 
rule of signs, all the roots being real. Hence the equation repre- 
sents a hyperboloid of one $heet. 

(2) A hyperbolic cylinder. 

2. (1) Hyperboloid of revolution whose centre is at the 
point (2, 1, 0) ; of one or two sheets according as a > or < 2. 

(2) Co-ordinates of centre y, f, ^/; hyperboloid of two 
sheets. 

(3) A parabolic cylinder. 

(4) A hyperboloid of one or two sheets as a* > or < 3. 

3. The two equations merely differ by A' (a* + y* + 2*) which 
remains unaltered by any transformation round the origin. 

The second is a right circxxVax c^Wn^^ic, ^^ ^i^fc a spheroid. 
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4. An ellipsoid if 1 - fi< ,J2, a hyperboloid of one sheet 
ifl-ft>^2. 

5. An ellipsoid whose centre is at the point -p , — , — : 

4 4 4 

the equation when z-O can be put into the form 

(M-^)"*e-')"*(f-o"-«- 

6. See Example 6, Chapter iv. "Wrong reference in question. 

7. Take the general equation of the second degree and find 
the conditions that it may be satisfied when a; = and 2 = 0, and 
also when y = and « =0. 

10. See Art. 150 for the condition that the equation repre- 
sents a surface of revolution, and Art. 90. These conditions give 
if c = a + 6, 6' = 0, c" = ah, and the equation can be written 

which can be again written 

- — / c"\* 

(xja-\'r/jb + ky + c(z + —j +2 (a"~ A; Ja) x 

c 
And if A; be so chosen that x J a + y Jb + k^O, and the line 

2x (a" -kja)+ 2y {^ -k^b)^ 0, 

c" 
are at right angles, th6 former united with z+ — = must give 

c 

the axis. 

11. «' + cajy = ^. 

12. Take for the fixed straight lines x=0, y=0; x=^a, z — 0; 
y = b, z = c; and take the equations (3) of Art, 17 as the gene- 
rating line : the equation becomes 

ayz + bxz = cy(x — a). 

13. The condition required is that 

AX' + Bfi'- + Cv' + 2A'fiv -h 2B'vX + 2C'Xfi 

shall retain an invariable value for all valuefl of A, ft, v consistent 
with l\ + nifi + nv = 0. See Art. 173. 

14. Eliminate a between the equations (1) of Art 83. 



c"» 
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15. If x\ y', s/ be the co-ordinates of the vertex^ the equation 
of the cone is 

a* — * 6* \*-^T- 

And by Art. 60 eqaation (7) it follows tbat 



CHAPTER YHL 

1. aj* +y* + «* = a* + 6* + c*. Use equation 5 of Art. 101. 

2. A similar and similarly situated ellipsoid whose axes are 
double those of the first. 

3. Use Art. 101. 

4. {« (05- a) +2/ (y- j8) + « («- y)}'= aV + 6y + c*«». 

5. aV + 6y + cV=A;*. 

6. The conditions that the normal to the ellipsoid at (a;, y, t) 
shall pass through (a, j3, y) are 

a'(a;-a) _ 6'(y-/3) _ c'(z-y) _j^ 
X y « ' 

and these combined with 

give an equation of the sixth degree in k. All six lines lie on 
the cone 

x — a y — fi z — y 

7. Obtain the condition that the normal at the point (x, y, z) 

X 1/ z 

may intersect a given diameter - = ^ == - , By properly choosing 

A, 11^ V this conditio!! can be made identical with 

I in, n ^ 
- + - + - = 0. 
» y % 
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8. The tangent plane to any such ellipsoid can have its 
equation written as 

Ix + my •^nz = Ja'l^ + 6 W + c V - A;*, 
whence by Art. 77 (6) the result can be obtained. 

9. There will be one straight line in the tangent plane at the 
extremity of the radius, perpendicular to the radius. 

10. !£ lx+ my + na? = jt? be the equation of the cutting plane, 
the first volume is given by multiplying the area of the section 
given in Art. 80 by \'p. The co-ordinates of the pole of the sec- 
tion can be obtained from Art. 106, and the perpendicular on the 

plane from this point is found to be ^ : whence 

the ratio of the volumes is 5 — , and if this be 

constant it easily follows that either volume is constant. 

1 1. The shadow is the section by the plane, of the envelop- 
ing cone whose vertex is the luminous point. 

12. Use Arts. 149, 150. 

13. Take the centre of the ball as origin, a plane parallel 
to the inclined plane as plane of ojy, and a — Z^, j8 — mJt^ y - w^ as 
the co-ordinates of the luminous point at any time. 

9a' 

14. yz3^ + zany* + xy%' = 3a® ; -^ . 

1 5. xx"^ + y'y'^ + «'«"* = c^ . 

16. (i5^« + (7/-a)(^y' + C7»"-ic)-{5)8y+(77«--|(»+o)}«=0. 

^^- "ry --25i8^2(7y' (1 + 2^a)» "^ (1 + 2Ca)- 

19. The equations of the nonnal at (», y, %) are 

Use the condition of Art. 31. 

20. 4iB + r + i = 0. Use equation (3) of Art. 102. 

A. a ^^ 
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21. a (5c*-y«) + j8(y*~«») + y(2*-ajy) = c": a hypeiboloid 
of one or two sheets according as a + )3 + y is positive or negative^ 

22. ayz + pzx + 70^= 3a* : a hyperboloid of one or two sheets 
according as afiy is negative or positive, 

23. 4a;(«' + y« + »') + ^ + ^=0. 

24: The equation of any tangent plane to the cone can be pat 
into the form Axxf -¥ Bt/f/ + Czz' = 0, where -4iC" + jBy^ + Ca^' = 0, 
and if 

we get the required result. 

25. Use (10) of Art. 68 putting ~ , ^ , ^ for ^, m, n and 
reducing. Or else use (1) and (3) of Art 75. 



CHAPTER IX. 

1. (1) aj'y-y'a; + -(«'-») = 0. 

c 

» 

(2) If we assume s; = r sin ^, the equation of the osculating 
plane can be written 

2a;' cos'<^ - y' sin ^ (1 + 2 cos'^) - 2»' + r sin ^ (2 + cos'<^) = 0. 

2. Length of arc = ^a* + c* . (tf ^ - tf ,). From the equations 
of the curve obtain ic" + y* as a function of « : let a;* + y" =/(«). 
This is the equation required. Ex. a:" + y* = a*. 

3. We easily get, if a be the radius of the generating cylinder, 

6« = 4a«sin«^i^» + a»cot«a(tf -tf/ = 4a'sin'^i^ + ?cos«a, 

0—0 
if I be the length. Hence, when ^ is a maximum, sin * ^ ss ; 

and the maximum len^h = . But this maximum lenccth 

° cos a ® 

= a cosec o {0i - 0^ and 0^ — 0^ = 2mr ; 



2nira b h tan a 

-, — = ; s\a^ — — 

sin a COB a 
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4. The equations of the curve are 

5. aj + y + « = l. 

6. r=a^ ^ = tan)81ogtaii^ + C; r, tf, ^ being polar co- 
ordinates. 

7. (1) y'-7? = c, (2) y + atan-\?^ = & 

8. Analytically. Differentiate the equations of the sphere 
and ellipsoid, and find the ratios -r '* "T" ' 'T ' ^o equation 

of the plane can then be found, and then the equation (12) 
of Art. 68 can be used. 

9. (1 ) cos" * (cos ^ sin tf ) + cos"* (sin ^^ sin 0} = const, 
which can be transformed into 



(2) cos ^ sin tf <y 1 - sin*<^ sin*tf + sin^ sin tf ^^1 - cos*^ sin'tf = const, 
or (3) X J a* - y* + y J a' ~ as* = const 

10. e = a^. 

11. By Art. 101, -rfzryT ^^^ ^® proportional to 



da ds da 



whence 



{^-^y (fp-^y '$-')" 



\6' c^J X da \(r a*/ y da \ar Ir ) z da 

12. «=s^€*sinacot^^ where z is the distance of the point from 
the vertex, a the semivertical angle of the cone, )3 the fixed angle, 
and 6 the angle made by the plane through the point on the curve 
and the axis of the cone, with some fixed plane. The length of curve 

between any two values of tf = -; ^—-{^^siaaootfi^^B.Bmaootn. 

" sin a sin p ' 

At the vertex tf = ~ oo . 

13. From the method of producing the curve we easily see 
that if a be the arc measured from the point nearest to the vertex, 
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7^=6* +«'. Also if the axis of the cone be the axis of a?, a5 = rco8a: 
whence -75 = — -^ — . Also the principal normal to the curve 

is the normal to the cone at that point (Art. 182). Whence 
p-T-^ = ±sma, and.'. r^ = op. 

a' + c' .«v a' + c* 



U. (1) --^. (2) 



a ^ ' a 



c /, c 



a; 



15. a = costf, v = sin ft « = cft 

16. Take the common tangent to the two curves as axis of x 
and the plane of the circle as plajie of xy. Then if as^, y^, z^ be the 
CO ordinates of a point on the circle at the end of the arc &, 
and p the radius of the circle 

^=psm---=8»-|-5-+...; yi=a(l-cos-J= 0^-14-8 + -; «i=0; 

and if a;,, y^, «, be the coK)rdinates of the point on the curve 
we get 

and similar values for y^y z^. But it can easily be shewn by 
Ai'ts. 119, 130 that 

^-^ ^-o ^-n ^-n ^-1 ^-o- 
cfo"^' d8~ ' ds"^' ds'"^' d^~ p' d^"^' 

whence the square of the distance required becomes 

And by diffei'entiating the formula (10) of Art. 129, and (2) 
of Art. 118 the required result may be obtained. 

17. Prove geometrically from the figure in Art. 127. 

18. By Ex. 12 the equations of the curve may be written 

x = A tan a€9^ cos 0, y=^A tan ae<^ sin ^, z = A^^ 

where c=8in a cot)8 ; whence p can be obtained by (9) in Art. 129. 
When developed the curve is an ec^ioxi^Jk^ai «^yw1. 
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CHAPTER X 

1. a*+2^' + «'-(Zaj + my + w2j)" = l, 

2. Ja^ +^-\-Jc*'-s? = a. 

, oV 6y cV , 

°- p y 

5. if = <f,e being (he radius, and the plane of xy the fixed 
plane. 

7. 8 ^^ ->- 78 a + -5 3 = 0, where r*=aj' + 2^ + 2;*. The 

a'-r* ft'-r* c*-r' ' ^ 

Wave Surface. See Chapter on Fresners Theory of Double 

Refraction. 

8. The surface a' + y' + 2^5" = -^r- ; and the curve a' + ^ = ^, 

i5 = 0. 



^- ?V"*"60"*" 



1^ 

10. a^« = ^ , where ^^' is the given volume. 

11. «« + y» + »" = ^'. 12. ^+^+5 = 1,. 

tt (j K 

13. iB" + y'+«' = (c±c7. 

14. ^J + |J + J _ l^ (aT+^>W+cV-l)=(&+my+r^«-l)^ 

15. By Art. 106 all the lines in question lie in the polar 
plane of (a, p, y). If a , /8', y' be the co-ordinates of one point 
in which any chord meets the ellipsoid, the line required will be 
given by the two equations 

xa yP zy_ ^ j a^' ^^ . «7' _ -, 
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The condition that this line may be perpendicular to the line 
joining (o, )8, y) to (o', ^^ -/) can be reduced to the form 

Also the equation of a plane through the origin and the line 
required is 

a' b' (f " ' 

the envelope of which treating o - a', j8 - j^, y - y as parameters 
gives us the cone required* That the Curve is a parabola can be 
shewn because a plane through the origin parallel to the polar 
plane of (a, p, y) can easily be shewn to touch the cone. 



CHAPTER XI. 

1. If x=/^(t)y y=/^(t), zs=/^(t) be the equations of the 
curve, we have to find the envelope of 

{x -y, {t)Y + {y -/. {t)Y + {z -/, Wr = c% 

where t is the parameter. The envelope is obtained from the 
intersection of the sphere with the normal plane to the curve 
at the point t 

2. The equation can be put in the form 



8 



(x+y + z) {(«• + y* + «•) - (^3- )} = '^' 



and if the line x=^y = z be taken as axis of ^ this becomes, 
by Arts. 25 and 28, — ^ »' (aj" + y'*) = <^'> "v^l^ch is a surface 

formed by the revolution of the curve »V* = -5—7^ round the axis 

o fJO 

of 2'. Or, apply Art. 148. 

3. ay + afs^ = c'a^ ; x=a^ ^ + ii^ = c^ being the equations of 
the circle. 

4. See Ex. 11, Chap. vii. for choice of axes, 

of ^ a' 



a yji ' 



(c + z)* {c-zf C 
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(f . « z 

0. 05 Sin - = V cos - . 
c ^ c 



6. aj cos 5 + y sin tf = a, where d = — 



c a 



7. (1) (i»*+^) (^-na) + 2a (« - a) (te + my) + {k-k-na) (2-a)', 
the vertex being at the point (0, 0, a) and the plane of the small 
circle being Ix + my -hnz^k, 

(2) Put « = in the above. 

8. Jx' + y'-^ Jc'-z' = a, or 

(a;« + y» + ;s« + a»-c7 = 4a'(a;' + y) (1). 

9. The points at which the tangent plane passes through 

the origin are given by » = ±-^a' — c", that is, thej lie in two 

horizontal rings. Take one of these points in the plane of zx. 
The tangent plane at this point has for its equation 



x = z 



J a' - c 



8 

(2). 



c 
Also the equation (1) can be put into the form 

{a.8 + y« + ;5« _ (a« _ c')}* = 4cy + 4cV - 4 (a' - c") s/* 

= 4c V + 4 (ca - « J a' - c") {cx + z Ja^ - c"), 

whence at the points of intersection of (2) with (1) 

a' + y* + «' - (a* - c") = ± 2cy. 

Hence (2) cuts (1) in two circles. From the symmetry of the 
surface the same will be true for all the points. 

10. The fixed plane being the plane of yz, and Z, m, n the 
direction-cosines of AB, the equation of the surface is 

(mz — nyY + (nx — Iz)' + (ly - mx)' = k' (y* + »*). 

11. The conditions are given in Art. 92. See Art. 161. 

aV by cV 

{a'^-ky "*" {b'-^Ic'y "^ (c'-A;')' ' 

, ,« , ay« + 6-203 + cojy 

where a; = aoc . ^-^^ r — • 

6cy« + cazx + ooicy 
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14. Take y=px and y-kz-hq as equations of the gener- 
ating line. 

15. (1) A surface of revolution round Oz. (2) A surface 
such that all sections bj planes through Oz are circles. (3) A 
cone whose vertex is 0. 

16. (1) A surface produced by the revolution of the lem- 
niscate in the plane of zx round Oz, (2) A surface produced 
l^y the motion of a circle whose centre is and radius is any 
radius of the same lemniscate placed in the plane of ocy. 

18. The equations of any helix can be written 

x = acoH0f y = asintf, z = cO-^y, 

and by virtue of the given conditions y and c must be expressible 

as functions of a. Hence since a'^af + y' and = tan"* - , and 

z y 

also = ' , we get 

c c 

tan-* y- = zF{a? + ^) +/(a;» + y"). 

The second part easily follows by differentiation. 

19. The reflected light forms a cone of the second order, and 
the wall on which it falls is parallel to one of its generating 
lines. 

20. If a? , 2/j, «j ; x^, y^, z^ be the co-ordinates of the 
points A, B; being the origin, the condition that AB subtends a 
right angle at is x^x^ + y^y^ + z^z^ = 0. Also the equations of 
AB are 

«^i-«^. 2^1-2/. «!-«/ 

and from the equations of the straight lines x^, y^ can be expressed 
in terms of z^ and oj, , y, in terms of z^ . Then eliminating %^ , «^, 
between these equations we get a relation between x, y, z. 
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21. Equation (4) of Art. 148 is evidently the required con- 
dition. 

OS 

22. If -=/(z) be the equation of the surflMse, the locus 

if 

required is 

(«'-y'/)(y' + -«'/) = *-lir/l, 

where /, /' are the values of /(z) &nd./'(z) for the given 
value of z. 

23. The equations of any such circle are a* + y" + «' = 2aa; 
and y = mx, also a must be expressible as a function of m, = 2cf(rn) 
say. The differential equation can be easily deduced. 



CHAPTER XII. 

1. 6a»-12y« = l, )8=0; 4a» + 12j8»=l, y = 0; impossible 
locus. 

2a^ 3i/* 42j» 

' 2. If ^ — =- + , . + jT — T = 9 be either of the surfaces, 

the two values of k are the roots of the quadratic 

3. Let a be the distance of the point along the axis of Xy and 

2 ».* 



7? y^ z 



a 



2 



+ ^ + -3 = 1 one of the surfaces : the locus required is 



h' c 



-+ r. ,,. -f T-. sr=l. 



a ax — {d^—h*) oa? — (a* — c") 

4. At the points of intersection we easily get ax = Py + a', 
Also the direction-cosines of the normal to the first surface at any 
such point are easily proved to be proportional to 

la cLg* 2 2z 

a ^ (ax -by ^' ax-'b" 

while those of the normal to the second are proportional to 

2 l^^p _1^_ 2g 
a' P a'" (ax-by ax-b*' 

and these lines are therefore perpendicular to each other since their 
direction-cosines satisfy the requisite condition. 
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5. If the two quadrics be -ffy"+C7«* = aj and F^'¥(j7^=x^h, 
the coincidence of the foci involves 

A Jif '"f An AiM '•> 



whence also the focal conies will coincide, since 

B-G F-C 



im • 



BO EG 
6. At the points where the two quadrics in (5) cut, we have 

or 4^^/ + 4C0 V + 1=0, 

which is the condition that the tangent planes to the two quad- 
rics at (a;, y^ z) should be at right angles. 



CHAPTER XIII. 

6»cV c'ay a'b'^ ^ 

1. i + ^+ -i = 

pp — or pp-^b pp — cr 

where p is the perpendicular from the centre on the tangent 
plane. This can be reduced to 

For the umbilici the two roots will be equal. This will require 
one of the quantities x, y or z to vanish. 

2. (1) x=y=z = a. 

(2) When ica* = ± y6* = ± »c*. 

4. (1) Eliminate m between equations (6) and (7) of Art. 
171, writing p = A^l +p' ^^. 

(2) The coefficients of the several powers of w in the 
equation (7) of Art. 171 must, \aii\alu 
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5. The two values of A in (9) of Art 169 must be equal and 
of opposite sign ; 

The points of intersection of the surface with the sphere 

I 

6. Take the general equation of a quadric and determine 
the conditions that it may touch the plane of os^/ at the origin, 
and that sections by planes parallel to that plane may be circles. 



IS 



7. Using the equation in the last question the ^ocus required 

ca5 + 5y + ^ (« — a) — « = 0. 



8. See Ex. 4, Chap. xii. The surface in the question and 
the two surfaces 



can be shewn to cut always at right angles, where j8 and y are 
any constants. Hence the intersections of these surfaces with the 
given one are its lines of curvature. 

At the points of intersection of the first with the given 
surface we have ax^py-^b* a plane ; and by combining this with 
the given equation, that can be written 

-{ax-'C^)-^^ {py + 6" - c') + «' = 005 - c', 

which is the equation of a sphere. Hence the lines of curvature 
are circles : and the plane of any one of them being ax = fy + b' 
always contains the line ax = b^, y = 0, 

9. The result follows from the fact that r has the same 
value for all tangent lines at the umbilicus. 

10. At the points of contact pr has the same value for the 
geodesic and the line of curvature. 

11. The value ofpria the same for the two geodesies through 
P since they each pass through an umbilicus. Hence the value 
of r is the same. The tangents to these two geodeoics are there- 
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fore parallel to the equal radii of the indicatrix, and the tangents 
to the lines of curvature being parallel to the axes bisect the 
angles between these. 

12. Can be proved from 11 by the method of infinitesimals. 

13. The geodesic circle cuts all geodesies through the um- 
bilicus at right angles. Hence if rf , cT be the semidiameterH 
parallel to the tangent to the geodesic circle and the line through 
the umbilicus, and />, p' be the semi-axes of the central section 
parallel to the tangent plane at the point 

Ex. 25, Chap. viii. 

But ;? V = aV as can be ascertained from the known co-ordinates 
of the umbilici 

14. At any point in the principal section by the plane of y% 
the two roots of the equation in (1) can be shewn to be ■ 

Jr 

and — . The former root is the radius of curvature of the principal 

section : the latter gives the distance along the normal of the 
point whose locus is required which can then be worked out by 
plane geometry. 

15. Taking a5' + y' = a' as the equation of the cylinder we 

(jiZ dz 

easily get for the geodesies ^-8 = 0; therefore ^=<^ whence the 

curves are helices. 

16. s = ^«'sec'a-c', where a is the semi-vertical angle of 
the cone, and 8 the length of the arc from the nearest point to the 

vertex. 

17. If x^ ■\- y^ =f {z) be the equation of the surface it easily 
follow^ from (1) of Art. 182 that for all points in any geodesic line 

dy dx 
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And it can easily be proved that the sine of the angle required 

_ c 

18. If r =/(a?) be the equation of the surface r* being y" + »* 
the required expressions are 

^ andr^l4-(^J. 

19. With the usual notation for an ellipse the product 
required is 

PF ^^^'' PF' PF" AC* ^'^^'^^ * 

20. The radii of curvature of the principal sections are 

r and ; — -, where r is the focal radius of the point on 

r - p sin </> ^ 

the ellipse which is in contact, ^ the angle between that radius 

and the tangent, and p the radius of curvature of the ellipse 

(Bosant on Glissettes, (Sec). Hence the sum of the curvatures 

_2_p8in«^_2 r(2a-r) _ 1 
r r* r ar^ a' 

21. By Meunier's Theorem. 

22. Use the quadratic equation in question (1) of this chapter, 
r being a constant. 

23. Prove geometrically from the fact that when the surface 
is developed the geodesies become straight lines. 

24. Differentiate r^^T^-^if+s? twice and use the formulse (1) 
of Art. 182, (10) of Art. 129, and (1) of Art. 100. 

25. Use Meunier's Theorem, and (3) of Art. 167. 
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Trigonometoy, Elementary. By T. P. Hudson, M.A. 3s, Qd, 

Optics, Geometrical. With Answers. By W. S. Aldis, M,A. 3s, 6d. 

Analytical Geometry for Schools. By T. G. Vyvyan. 3rd Edit, 48. Qd. 

Greek Testament, Companion te the. By A. C. Barrett, A.M. 
4th Edition, revised. Fcap. 8vo. 5s. 

Book of Common Prayer, An Historical and Explanatory Treatise 
on the. By W. G. Humphry, B.D. 6th Edition. Foap. 8vo. 4s. 64. 

Music, Text-book of. By H. C. Banister. 9th Edit, revised. 5s, 

Concise History of. By Bev. H. G. Bonavia Hunt, B. Mus. 

Oxon. 5th Edition revised. 3s. 6d. 



ARITHMETIC AND ALGEBRA. 

See foregoing Series. 



GEOMETRY AND EUCLID. 

Text-Book of Geometry. By T. S. Aldis, M.A. Small 8vo. 

4s. 6d. Part I. 2s. 6d. Part II. 28. 

The Elements of Euclid. By H. J. Hose. Fcap. 8vo. 4«. Qd, 

Exercises separately. Is. 

The First Six Books, with Commentary by Dr. Lardner. 

lOth Edition. 8vo. as. 

The First Two Books explained to Beginners. By C. P. 



Mason, B.A. 2nd Edition. Fcap 8vo. 2s. 6d, 
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The Enunoiations and Figures to JBuclid's Elements. By Bev. 

J. Brasae, D.D. New Edition. Fcap.Svo. Is. On Cards, in case, Ss. 6d. 
Without the Figures, 6d. 

Exerdses on Euclid and In Modem Geometry. By J. McDowell, 
B.A. drown 8yo. 8rd Edition revised. 6t. 

Geometrical Conic Sections. By W. H. Besant, M.A. 4th Edit. 

4s. 6d. Solution to the Exampleii. 48. 

Elementary Geometrioal Ck>nlc Sections. By W. H. Besant, 

M. A. [In the press. 

Elementary Geometry of Conies. By C. Taylor, D.D. 3rd Edit. 

8yo. 4s. 6d. 

An Introduction to Ancient and Modem Geometry of Conies. 

By 0. Taylor, M.A. 8vo. 15«. 

Solutions of Geometrical Problems, proposed at St. John's 
College from 1830 to 1846. By T. Gaskin, M.A. 8vo. 12s. 

TRIGONOMETRY. 

Trigonometry, Introduction to Plane. By Rev. T. G. Vyvyan, 
Oharterhonse. Cr. 8to. 3s. 6d. 

Elementary Trigonometry. By T. P. Hudson, M.A. 3«. 6d. 

An Elementary Treatise on Mensuration. By B. T. Moore, 
M.A. 5s. 

ANALYTICAL GEOMETRY 

AND DIFFERENTIAL CALCULUS. 

An Introduction to Analytical Plane Geometry. By W. P. 

Tumbnll, M.A. 8ve. 12s. 

Problems on the Principles of Plane Co-ordinate Geometry. 

By W. Walton, M.A. 8yo. 16s. 

Trilinear Co-ordinates, and Modem Analytical Geometry of 

Two Dimensions. By W. A. Whitworth, M.A. 8vo. lOs. 

An Elementary Treatise on Solid Geometry. By W. S. Aldis, 
M.A. 2nd Edition revised. 8yo. 8s. 

Elementary Treatise on the Differential Calculus. By M. 
O'Brien, M.A. 8vo. lOs. 6d. 

Elliptic Functions, Elementary Treatise on. By A. Cayley, M.A. 
Demy 8vo. 158. 



MECHANICS & NATURAL PHILOSOPHY. 

statics. Elementary. By H. Goodwin, D.D. Fcap. 8yo. 2nd 
Edition. 3s. 

Dynamics, A Treatise od Elementary. By W. Gamett, M.A. 
2nd Edition. Grown 8yo. 6s. 

Elementary Mechanics, Problems in. By W. Walton, M.A. New 
Edition. Grown 8vo. 6s. 

Theoretical Mechanics, Problems in. By W. Walton. 2nd Edit, 
revised and enlarged. Demy 8\o. 16s. 
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Hydrostatics. ByW.H.Besant, M.A. Fcap.Svo. 10th Edition. 4«. 

HydromeohEuiios, A Treatise on. By W. H. Besant, M.A. Svo. 
New Edition revised. lOs. 6d. 

Dynamics of a Particle, A Treatise on the. By W. H. Besant, M.A. 

[Preparing, 

Optics, Geometrical. By W. S. Aldis, M.A. Fcap. 8yo. 8«. 6d. 

Double Refraction, A Chapter on FresnePs Theory of. By W. S. 
Aldis, M.A. 8vo. 2s. 

Heat, An Elementary Treatise on. By W. Gamett, M.A. Crown 
8vo. 2nd Edition revised. Ss. 6d. 

Newton's Principia, The First Three Sections of, with an Appen- 
dix ; and the Ninth and Eleventh Sections. By J. H. Evans, M.iu 5th 
Edition. Edited by P. T. Main, M.A. 48. 

Astronomy,. An Introduction to Plane. By P. T. Main, M.A. 

Fcap. 8vo. cloth. 4s, 

Astronomy, Practical and Spherical. By R. Main, M.A. 8vo. 14«. 

Astronomy, Elementary Chapters on, from the 'Astronomie 
Physique' of Biot. By H. (Joodwin, D.D. Svo. 3«. 6d. 

Pure Mathematics and Natural Philosophy, A Compendium of 

Facts and Formulae in. By G. R. Smalley. 2nd Edition, revised by 
J. McDowell, M.A. Fcap. Svo. 3s. 6d. 

Elementary Course of Mathematics. By H. Goodwin, D.D. 

6th Edition. Svo. 16s. 

Problems and Examples, adapted to the * Elementary Course of 
Mathematics.' 3rd Edition. Svo. 58. 

Solutions of Goodwin's Collection of Problems and Examples. 

By W. W. Hutt, M.A. 3rd Edition, revised and enlarged. Svo. 08. 
Pure Mathematics, Elementary Examples in. By J. Taylor. Svo. 

7s. 6d. 

Mech£uiic3 of Construction. With numerous Examples. By 

S. Fenwick, F.R.A.S. Svo. 128. 

Pure and Applied Calculation, Notes on the Principles of. By 

B/GV. J. Challis, M.A. Demy Svo. 158. 

Physics, The Mathematical Principle of. By Bev. J. Challis, M.A. 
Demy Svo. 5s. 



TECHNOLOGICAL HANDBOOKS. 

Edited by H. Trueila.n Wood, Secretary of the 

Society of Arts. 

« 

1. Dyeing and Tissue Printing. By W. Crookes, F.B.S. 

lln the press. 

2. Iron and Steel. By Prof. A. K. Huntington, of King's College. 

[Preparing. 

3. Cotton Manufacture. By Eichard Marsden, Esq., of Man- 

chester. [^Preparing. 

4. Telegraphs and Telephones. By W. H. Preece, F.B.S. 

[Preparing. 

5. Glass Manufacture. By Henry Chance, M.A. ; H. Powell, B.A. ; 

and John Hopkiiison, M.A., LL.D., F.R.S. In the press. 
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The New Testament for English Readers. By the late H. All ord, 

D.D. VoL I. Part I. 8rd Bdit. 12«. Vol. I. Part n. 2nd Edit. 10s. 6d. 
Vol. n. Part I. 2nd Edit. lOs. Vol. H. Part U. 2nd Bdit. 168. 

The Greek Testament By the late H. Alford, D.P. YoL I. 6th 

Edit. IL 9». VoL n. 6t]i Bdit. 11. 48. Vol. HI. 5tli Edit. ISs. Vol. IV. 
Part I. 4th Bdit. 188. Vol. IV. Part H. 4th Edit. 148. Vol. IV. 11. 128. 

Companion to the Qreek Testament. By A. 0. Barrett, M.A. 
4th Edition, reriaed. I^sap. 8vo. 58. 

The Book of Psalms. A New Translation, with Introdactions, &c. 
By the Very Ber. J. J. Stewart Perowne, D.D. 8to. Vol. I. 4th Edition, 
1^ VoL U. 4th Bdit. 168. 

Abridged for Schools. 3rd Edition. Crown Syo. lOf . Cd. 



History of the ArtiOles of Religion. By C. H. Hardwick. 3rd 
Editi6n. PostSvo. 58. 

History of the Creeds. By J. B. Lumby, D.D. 2nd Edition. 
Crown Svo. 78. 6d. 

Pearson on the Creed. Oarefnlly printed from an early edition. 
With Analysis and Index by E. Walford, M.A. Post 8to. 58. 

An Historical and Explanatory Treatise on the Book of 

Common Prayer. By Bev. W. G. Humphry, B.D. 6th Edition, enlarged. 
Small post Sto. 48. 6d. 

The New Table of Lessons Explained. By Bev. W. G. Humphry, 

B.D. Fcap. 18. 6d. 

A Commentary on the Gospels for the Sundays and other Holy 
Days of the Christian Year. By Bey. W. Denton, A.M. New Edition. 
8 yoIb. 8yo. 548. Sold separately. 

Commentary on the Epistles for the Sundays and other Holy 

Days of the Christian Year. By Ber. W. Denton, A.M. 2 y»ls. 368. Sold 
separately. 

Commentary on the Acts. By Rev. W. Denton, A.M. Vol. I. 
8vo. 188. Vol. II. 148. 

Notes on the Catechism. By Bev. Canon Barry, D.D. 6th Edit. 
Fcap. 28. 

Catechetical Hints and Helps. By Bev. E. J. Boyce, M.A. 4th 

Edition, revised. Fcap. 28. 6d. 

Examination Papers on Religious Instruction. By Bev. £. J. 
Boyce. Sewed. Is. 6d. 

Church Teaching for the Church's Children. An Exposition 
of the Catechism. By the Bev. F. W. Harper. Sq. fcap. 28. 

The Winton Church Catechist. Questions and Answers on the 

Teaching of the Church Catechism. By the late Bev. J. S. B. Monaell, 
LL.D. 3rd Edition. Cloth, 38.; or in Four Farts, sewed. 

The Church Teacher's Manual of Christian Instruction. By 

Bev. M. F. Sadler. 21st Thousand. 28. 6d. 

Short Explanation of the Episties and Gospels of the Chris- 
tian Year, with Questions. Boyal 32mo. 28. 64.; calf, 48. 6d. 

Butier's Analogy of Religion ; with Introduction and Index by 
Bey. Dr. Steere. New Edition. Fcap. Ss. 6d. 

Three Sermons on Human Nature, and Dissertation on 

Firtue. By W. WheweH, D.D. 4th Edition. Fcap. Svo. 28. 6d. 
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Lectures on the EQstory of Moral Philosophy in England. By 
W. Whewell, D.D. Grown 8vo. 8«. 

Kent's Commentary on International Law. By J. T. Abdy, 

LL.D. New and Cheap Edition. Orown 8yo. lOe. 6d. 

A Manual of the Boman Civil Law. By G. Leapingwell, LL.D. 

8vo. 12s. 



FOREIGN CLASSICS. 

A series for tise in Schools, with English Notes t grammatical and 
explanatory, and renderings of difficult idiomatic expressions. 

Fcap, Svo, 

Schiller's Wallenstein. By Dr. A. Bnohheim. 3rd Edit. 6«. 6t2. 
Or the Lager and Piocolomini, Ss. 6d. Wallenstein's Tod, Ss. 6d. 

Maid of Orlesms. By Dr. W. Wagner. Ss, 6d. 

Maria Stuart. By V. Eastner. Ss, 

Goethe's Hermann and Dorothea. By E. Bell, M.A., and 

K. Wolf el. 28. 6d. 

Grerman Ballads, from TJhland, Goethe, and Schiller. By C. L. 
Bielefeld. 3rd Edition. 3s. 6d. 

Charles Xn., par Voltaire. By L. Direy. 4th Edition. Ss, Qd, 

Aventures de T^16maque, par F6n61on. By C. J. Delille. 2nd 

Edition. 4a. 6d. 

Select Fables of La Fontaine. By F. E. A. Gasc. 1 ith Edition. Ss. 
Plociola, by X. B. Saintine. By Dr. Dubnc. 11th Thousand. Ss, Qd. 



FRENCH CLASS-BOOKS. 

Twenty Lessons in French. With Vocabulary, giving the Pro- 
nunciation. By W. Brebner. Post Svo. 48. 
French Grammar for Public Schools. By Bev. A. C. Clapin, M.A. 

Fcap. 8to. 9th Edition, revised. 2s. 6d. 

French Primer. By Kev. A. C. Clapin, M.A. Fcap. Svo. 4tli Edit. 

Primer of French Philology. By Bev. A. C. Clapin. Fcap. Svo. Is. 

Le Nouveau Tresor; or, French Student's Companion. By 
M. £. S*. letli Edition. Fcap. Svo. 3b. 6d. 

F. E. A. GASO*S J^ENCH COUBSE. 
First French Book. Fcap Svo. 76th Thousand. Is. 6d. 
Second French Book. 37th Thousand. Fcap. Svo. 2s. 6(2. 
Key to First and Second French Books. Fcap. Svo. Ss. 6t2. 
French Fables for Beginners, in Prose, with Lidex. 14th Tliousand. 

r2mo. 2ii. 

Select Fables of La Fontaine. New Edition. Fcap. Svo. Ss. 
Histoires Amusantes et Instructives. With Notes. 14th Thou. 

siad. Fcap. Svo. 28. Qd. 
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PraoUoal Guide to Modem Trench Conversation. 12th Thou- 
sand. Fcap. 8yo. 28. 6d. 

French Poetry for the Young. With Notes. 4th Edition. Fcap. 

8to. 2s. 

Materials for French Prose Cdbiposition ; or, Selections from 
the best English Prose Writers. 15th Thousand. Fcap. 8vo. 48. 6d. 
Key, 68. 

Prosateurs Contemporains. With Notes. Svo. 6th Edition, 
revised. Ss. 

Le Petit Compagnon ; a French Talk-Book for Little Children, 
loth Thousand. 16mo. 28. 6d. 

An Improved Modem Pocket Dictionary of the French and 
English Languages. 30th Thousand, with Additions. 16mo. Cloth. 48. 
Also in 2 vols., in neat leatherette, 58. 

Modem French-English and English-French Dictionary. 2nd 
Edition, rerised. Li 1 toL 128. 6d. (formerly 2 vols. 258.) 

GOMBEBT'S FBENGH DBAMA. 

Being a Selection of the best Tragedies and CJomedies of Molidre, 

Badne, Gomeille, and Voltaire. With Arguments and Notes by A. 

Gombert. New Edition, rerised by F. E. A. Uaso. Fcap. 8to. la. each ; 

sewed, 6d. CoNTurrB. 

MoLiERE : — Le Misanthrope. L'Avare. Le Bourgeois €tentilhomme. Le 

Tartuffe. Le Malade Imaginaire. Les F^mmes Savantes. Les Fourberies 

de Soapin. Les Pr^oieuses Bidioules. L'Eoole des Femmes. L'Eoole des 

Maris. Le MMeoin malgr^ LuL 

Racznx :— PhMre. Esther. Athalie. Iphig^nie. Les Plaideurs. La 
ThA>aIde ; or, Les I^res Ennemis. Andromaque. Britannicus. 
P. OoRzrxiLLB :— Le did. Horace. Cinna. Polyeuote. 
VOLTAiBS :— Zaire. 



GERMAN CLASS-BOOKS. 

Materials for German Prose Composition. By Dr Buchheim. 
7th Edition Fcap. 4s. 6d. Key, Ss. 

A German Grammeur for Pahlio Schools. By the Bey. A. C. 
Glapinand F. Hell MlUler. 2nd Edition. Fcap. 28. 6d. 

Sotzebue's Der G^fangene. With Notes hy Dr. W. Stromberg. U. 



ENGLISH GLASS-BOOKS. 

A Brief History of the English Language. By Prof. Jas. Hadley, 
LL.D., of Yalo College. Fcap. Svo. Is. 

The Elements of the English Language. By E. Adams, Ph.D. 

18th Edition. PostSro. 4s. 6d. 

The Rudiments of English Grammar and Analysis. By 
E. Adams, Ph.D. 8th Edition. Fcap. Sro. 28. 

By C. P. Mason, Fellow of Univ. Coll. London. 

First Notions of Grammar for Toong Learners. Fcap. Svo. 
lOth Thousand. Cloth. 8d. 

First Steps in English Grammetr for Junior Classes. Demy 
18mo. New Edition. Is. 
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Outlines of Engliflh Grammar for the use of Junior Glasses. 

26tli Thousand. Grown Svo. 2s. 

English Grammcur, including the Prinoiples of Grammatical 
Analjels. 24th Edition. 77th Thousand. Grown Svo. Sa. 6d. 

A Shorter English Grammar, with copious Exercises. 8th Thou- 
sand. Grown Svo. 3a. 6d. 

English Gnunmar Practice, being the Exercises separately. Is. 

Edited for MiddXe-Class Examinations. 

With Notes on the Analysis and Parsing, and Explanatory Remarks. 

Milton's Paradise Lost, Book I. With Life. 3rd Edit. PostSvo. 

is. 

Book n. With Life. 2nd Edit. Post 8yo. 2s. 

Bookm. With Life. Post Svo. 2s. 

Goldsmith's Deserted Village. With Life. Post 8vo. Is, 6(2. 
Cowper's Task, Book n. With Life. Post 8yo. 2s. 
Thomson's Spring. With Life. Post Svo. 2s. 
Winter. With Life. Post Svo. 28. 



Practical Hints on Teaching. By Bey. J. Menet, M.A. .5th Edit. 

Grown Svo. cloth, 28. 6d. ; paper, 28. 

Test Lessons In Dictation. 2nd Edition. Paper cover, Is. Qd. 

Questions for Examinations in English Literature. By Bev. 
W. W. Skeat, Prof, of Anglo-Saxon at Gambridge UniTersity. 2s, 6d. 

Drawing Copies. By P. H. Delamotte. Ohlong Svo. 12s. Sold 
also in parts at Is. each. 

Poetry for the School-room. New Edition. Fcap. Svo. Is. 6d. 
Geographical Text-Book ; a Practical Geography. By M. E. S. 

12mo. 28. 

The Blank Maps done np separately, 4to. 28. coloured. 

Loudon's (Mrs.) Entertaining Naturalist. New Edition. Revised 
by W. S. Dallas, F.L.S. 5«. 

Handbook of Botany. New Edition, greatly enlarged by 

D. Wooster. Fcap. 28. 6<I. 

The Botanist's Pocket-Book. With a copious Lidex. By W. R. 
Hayward. 3rd Edit, revised. Grown 8to. Gloth limp. 4c 6d. 

Experimental Chemistry, founded on the Work of Dr. Stdckhardt. 
By G. W. Heaton. Post Svo. is. 

Double Entry Elucidated. By B. W. Foster. 12th Edit. 4to. 

38. 6d. 

A New Manual of Book-keeping. By P. Grellin, Accountant. 
Grown Svo. 3s. 6d. 
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Picture Sohool-Books. In Simple Language, with numerous 
UlnstratioiiB. Royal 16ino. 

School Primer. 6d.— Bohool Reader. By J. Tillenrd. 1«.— Poetry Book 
for Schools. \». — The Life of Joseph. Ix. — ^The Scripture Parablos. By the 
Rer. J. E. Olarke. 1«. — The Scripture Miracles. By the Rev. J. E. Clarke. 
1«.— The New Testament History. By the Rer. J. Qt. Wood, M.A. Is.— The 
Old Testament History. By the Rev. J. G. Wood, M.A. 1«.— The Story of 
Bunjran's Pilgrim's Progress. 1«.— The Life of Christopher Columbus. By 
Sarah Orompton. Is. — The Life of Martin Luther. By Sarah Crompton. Is. 



^ BOOKS FOR YOUNG READERS. 

In 8 vols. Limp cloth, 6e{. each. 

The Oat and the Hen ; Sam and his Dog Red-leg ; Bob and Tom Loe ; A 

Wreck The New-bom Lamb ; Rosewood Box ; Poor Pan ; Wise D<w- The 

Three Monkeys Story of a Cat, told by Herself The Blind Boy ; The Mute 

Girl ; A New Tale of Babes in a Wood The Deyand the Knight ; The New 

Bank-note ; The Royal Visit ; A King's Walk on a Winter's Day Queen Bee 

and Busy Bee— Gull's Crag, a Story of the Sea. 

First Book of Geography. By C. A. Johns. U. 



BELUS READING-BOOKS. 

FOR SCHOOLS AND PAROCHIAL LIBRARIES. 

The popularity which the 'Books for Young Readers' hare attained is 
a sufficient proof that teachers and pupils alike approve of the use of inter- 
esting stories, with a simple plot in place of the dry combination of letters and 
syllables, making no impression on the mind, of which elementary reading, 
books generally consist. 

The Publishers have ther^ore thought it advisable to extend the application 
of this principle to books adapted for more adN'anced readers. 

Now Ready, Post Svo. Strongly bound. 
Masterman Ready. By Captain Marryat, B.N. Is. 6d, 
The Settlers in Canada. By Captain Marryat, E.N. Is, 6d. 
Parables from Nature. (Selected.) By Mrs. Gatty. Is, 
Friends in Fur and Featiiers. By Gwynfryu. Is. 
Robinson Crusoe. Is. 6(2. 

Andersen's Danish Tales. (Selected.) By E. Bell, M.A. Is. 
Southey's Life of Nelson. (Abridged.) Is. 
Grimm's O-erman Tales. (Selected.) By E. Bell, M.A. Is. 
Life of the Duke of Wellington, with Maps and Plans. Is. 
Marie ; or. Glimpses of Life in France. By A. B. Ellis. Is. 
Poetry for Boys. By D. Mimro. !<. 
Edgeworth's Tales ; a Selection. l.s\ 
Great Englishmen ; Short Lives for Yoimg CiiikUen. 1«. 

Others in Preparation. 
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